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Abstract 
This thesis is focused on elucidating the structure/function relationships of two 
copper proteins, nitrite reductase and rusticyanin using a combined approach of 
site-directed mutagenesis and X-ray crystallography. 
Dissimilatory nitrite reductase (NiR) catalyses the reduction of nitrite to nitric 
oxide (NO) as part of the key biological process of denitrification. A 'hydrophobic 
pocket' on the protein surface has been identified as the channel through which 
the substrate, nitrite, may be guided to the catalytic type 2 Cu site. The residues 
Glu133 and His313 are at the opening of this pocket and the latter was mutated 
to a Gin in Alcaligenes xylosoxidans NiR to investigate the role of this residue in 
substrate guidance. The structures of His313Gln and substrate-bound His313Gln 
have been determined to 1.65 A and 1.72 A, respectively. These structures 
confirm that His313 is the port of entry for the substrate and reveal an 
asymmetric bidentate oxy-co-ordinate binding of nitrite. 
Residue Trp138, adjacent to the type 1 Cu ligand His139 is one of the residues 
surrounding the small depression speculated to be important in the complex 
formation with the physiological redox partners, azurin I and azurin II. This Trp 
residue was mutated to a His and its structure determined to 1.60 A. The ability 
of the Trp138His mutant to reduce nitrite was investigated using both an artificial 
donor and a physiological partner, azurin I. These enzymatic activity experiments 
revealed that whilst the protein is essentially fully active using methyl viologen as 
the electron donor, there is a significant decrease in the activity using azurin I 
when compared to the native protein. These observations suggest that Trp138 is 
an important residue in complex formation and this with residues in the vicinity 
represent a likely docking surface for azurin. 
A simultaneous Asp92His/Met144Leu mutation in NiR was undertaken to 
investigate the role of redox coupling between the two copper centres and proton 
ii 
extraction. The residue Asp92 has been demonstrated to be an important residue 
in a water-mediated pathway for delivering protons to the T2Cu site for the 
reduction of nitrite. The mutation of Asp92 has a significant effect on the protein, 
reducing the activity to -10%. The structure determination of 
Asp92His/Met144Leu NiR to 1 .65 A revealed that despite the perturbation of 
Asp92 a route exists from the surface of the protein to deliver protons to the 
T2Cu centre. 
The blue-copper protein rusticyanin has attracted considerable interest due to its 
unique properties of high redox potential and stability to extremely high pH. The 
copper site of rusticyanin is similar to other blue-copper proteins with three strong 
ligands His85, Cys138, His143 and a relatively weaker Met148 ligand in an axial 
position. A mutation of His143 to a Met yielded a structure determination to 1.1 A 
from which refinement using anisotropiC displacement parameters provides an 
exceptional basis to examine the protein in detail. Furthermore, the metrical 
accuracy obtained from such refinement coupled with EXAFS analysis suggests 
that the Cu site alone is not wholly responsible for the properties of rusticyanin. A 
2.3 A structure of His143Met demonstrates that the molecules pack in a head to 
head fashion thus providing further structural evidence to the hypothesis that this 
interaction is important for electron transfer from a partner protein. The 
interaction is similar to those present in Met148Leu and Met148Gln rusticyanin 
crystal structures although the replacement of His with Met disrupts the solvent 
mediated hydrogen bonding observed in those structures. In His143Met the two 
molecules are now associated via non-bonded interactions. 
In conclusion, the crystal structures of the NiR mutants presented in this thesis 
provide direct evidence for both the point of interaction with its proposed 
physiological redox partner and the probable mode of nitrite binding in blue 
CuNiR's as well as confirming the role of Asp92 in proton abstraction. The two 
crystal structures of His143Met rusticyanin have shed light on particular structural 
iii 
features that may account for the proteins unique properties which can now be 
examined with a future site-directed mutagenesis programme. 
iv 
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Preface 
This thesis is a report of original research undertaken by the author and is 
submitted in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy to De Montfort University, Leicester. 
The research presented in this thesis comprises a number of mutagenesis and 
X-ray crystallographic studies on the copper proteins nitrite reductase and 
rusticyanin. Several site-directed mutants of nitrite reductase were produced to 
afford a better understanding of the mechanisms involved in the proposed 
interaction of nitrite reductase with the cupredoxin azurin and in substrate 
guidance. In addition, crystallographic studies were undertaken to accompany 
the biochemical characterisations. For rusticyanin, X-ray crystallographic studies 
were undertaken on pre-prepared mutants of the copper ligand His143 leading to 
an atomic resolution crystal structure of His143Met rusticyanin. Furthermore, 
other additional mutations of rusticyanin were designed and produced with the 
intention of future biochemical characterisation and structure determination. 
All of the research presented in this thesis was performed in three institutions. 
The structure determinations were carried out at the SRS, Daresbury Laboratory, 
UK. The site-directed mutagenesis of Nitrite reductase and the subsequent 
purification were carried out in the departments of Molecular Microbiology and 
Biological Chemistry at the John Innes Centre, Norwich. Finally, the site-directed 
mutagenesis of rusticyanin was carried out in the department of Biological 
Sciences, De Montfort University, Leicester. 
Structure of the thesis: 
Chapter 1 Is a brief introduction to metalloproteins describing the different 
kinds of copper centre found in nature and the role of copper 
proteins in denitrification. 
XXlll 
Chapter 2 Is a review of the literature concerning nitrite reductase and 
rusticyanin and details the numerous structure/function studies of 
these proteins. 
Chapter 3 Is a brief review of theoretical and experimental considerations 
relevant to protein crystallography. 
Chapter 4 Describes the site-directed mutagenesis, over-expression and 
characterisation of selected nitrite reductase mutations. The site-
directed mutagenesis of rusticyanin is also detailed here. 
Chapter 5 Describes the structure determinations of the nitrite reductase 
mutations Trp138His, His313Gln and substrate-bound His313Gln to 
resolutions of 1.60 A, 1 .65 A and 1 .72 A, respectively. 
Chapter 6 Describes the structure determination of the Asp92His/Met144Leu 
mutation of nitrite reductase to 1 .65 A resolution. 
Chapter 7 Describes the structure determination of the rusticyanin His143Met 
mutant to 1.1 A resolution. The refinement using anisotropic 
displacement parameters offers the opportunity to examine the 
protein in atomic detail and offer structural explanations for its 
unique properties. 
Chapter 8 Describes the structure determination of the rusticyanin His143Met 
mutant to 2.3 A resolution. In this particular crystal form, the 
His 143Met mutant exhibits a head-to-head packing arrangement 
and is examined with reference to protein-protein interaction and 
cupredoxin 'self-exchange'. 
xxiv 
"I have learned that success is to be measured not so much by the position that 
one has reached in life as by the obstacles which he has overcome while trying 
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Chapter 1 - An introduction to CODDer proteins 
Chapter 1 - An introduction to copper proteins 
1.1 - Metalloprotelns 
Many essential biological functions require metal ions, and most of these metal 
ion functions involve metalloproteins. The transition elements with their partially 
filled d-orbitals and multiple valence states are ideally suited to perform a wide 
variety of biological functions. It has been estimated that approximately one-third 
of all proteins and enzymes require metal ions and co-factors for biological 
function (Holm et aI., 1996). Furthermore, specific metalloproteins and their 
active sites can now be probed interactively using online resources such as the 
Metalloprotein Database (http://metallo.scripps.edu) which contain a wealth of 
information on all the metal containing sites in the protein data bank (PDB) 
(Berman et aI., 2000). 
1.2 - Classification of copper metalloproteins 
Copper lies at the active sites of a versatile range of metalloproteins (Chapman, 
1991) and is the third most abundant trace element in humans after Iron and Zinc 
(Underwood, 1977). Copper proteins are classified into three types on the basis 
of their spectral features (Malkin & Malmstrom, 1970), (Fee, 1975), (Adman, 
1991). Examples of these are briefly introduced below. 
Type 1 Cu sites are mononuclear and are characterised by an intense absorption 
(e -3000-5000 M-1 cm-1) at around 600nm in their oxidised state which gives rise 
to their common name of 'blue copper proteins'. They are also characterised by 
an unusually small hyperfine splitting in their electron paramagnetic resonance 
(EPR) spectra (Adman, 1991), (Solomon & Lowery, 1993) in comparison to 
inorganic copper complexes. 
Type 2 Cu sites are non-blue, mononuclear centres. The characteristics for 
classifying a site as being type 2 are not as well defined as for type 1 centres 
where the Cu-coordinating ligands are well defined. Type 2 Cu sites can also be 
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characterised by EPR where a square pyramidal, penta-coordinated geometry is 
expected with a hyperfine splitting which is smaller compared to type 1 Cu 
centres. 
Type 3 Cu centres are binuclear Cu centres formed by a coupled arrangement of 
Cu atoms. The absence of an EPR signal is due to a strong antiferromagnetic 
coupling between the electrons in each Cu atom. These centres produce an 
absorption maximum at - 300nm. 
1.2.1 - Type 1 mononuclear Cu centres: An introduction to cupredoxins 
Proteins that contain only a type 1 Cu centre are commonly referred to as 
cupredoxins since these proteins are involved in electron transfer. Despite a low 
sequence homology, the cupredoxins all share a common structure; namely a 
single domain consisting of a ~-sandwich or ~-barrel. This ~-sandwich comprises 
between 6 and 13 ~-strands in an antiparallel arrangement showing the Greek-
key motif (figure 1.1). The blue copper proteins can be divided into two sub-
classes, the electron transfer proteins described below and the multi-copper 
proteins which contain a type 1 Cu site along with an additional Cu site of 
another classification (see section 1.2.4). 
The crystal structures have been determined for a wide range of cupredoxins 
including azurin (Baker, 1988); (Dodd et aI., 1995a), plastocyanin (Guss & 
Freeman, 1983), pseudoazurin (Petratos et aI., 1988); (Williams et aI., 1995), 
amicyanin (Cunane et aI., 1996), stellacyanin (Hart et aI., 1996) and rusticyanin 
(Walter et aI., 1996); (Harvey et al., 1998) which have demonstrated that the type 
I Cu site consists of two histidines (one from approximately mid-sequence and 
one towards the C-terminal end of the protein) and a cysteine (from the C-
terminal end), which collectively form the INNS' plane. A fourth weaker, so-called 
axial ligand is usually provided by a methionine (also from the C-terminal end of 
the protein) or in the case of stellacyanin a glutamine. In the case of azurin, a fifth 
2 
Azurin II Plastocyanin Amicyanin Rusticyanin 
Figure 1.1 - Ribbon representations of 4 cupredoxins illustrating the 'cupredoxin fold'; azurin II (PDB accession code 
1 DYZ (Dodd, 2000)), plastocyanin (PDB accession code 1 PLC (Guss et aI., 1992)), amicyanin (PDB accession code 
1 BXA (Zhu et aI., 1998)) and rusticyanin (PDB accession code 1 RCY (Walter et aI., 1996) which all show the 
characteristic p-sandwich or p-barrel. In each case the Cu atom is shown as a blue sphere. 
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albeit weaker ligand is provided by a main-chain carbonyl oxygen. 
A feature of the cupredoxins is their relatively high redox potentials (with respect 
to CU2+(aq), which encompass quite a range from +184 mV (stellacyanin) to +680 
mV (rusticyanin). Since the cupredoxins share a common fold and a similar type 
1 Cu site architecture this has prompted a wealth of structure/function studies to 
try and reveal what structural arrangements are responsible for these variations. 
In particular, the structure/function studies of rusticyanin are examined in detail in 
chapter 2. 
1.2.1.1 - Metal binding at the active site of blue copper proteins 
The geometry of the Cu site in blue copper proteins has been described as that 
of a distorted tetrahedron, an intermediate between that of a trigonal Cu(l) and a 
tetragonal Cu(lI) geometry (Cotton, 1988). Such an intermediate is thought to 
lower the reorganisation energy between the two oxidation states, which in turn 
facilitates rapid electron transfer. Two differing hypothesizes have been 
proposed; the 'entatic' (Vallee & Williams, 1968); (Williams, 1995) and 'rack' 
(Gray & Malmstrom, 1983); (Malmstrom, 1994) state binding at the metal binding 
site. The binding of a metal ion into a protein can be achieved in several ways. If 
a metal is incorporated into a protein via only small local conformational changes 
this gives rise to an entactic state. Conversely, if the metal binding results in 
extensive conformational changes at the binding site then this state is called a 
rack. However, studies from Ryde and co-workers (Ryde et aI., 1996) using 
quantum chemical methods cast doubt upon the strain hypotheses (entactic and 
rack) suggesting that the blue Cu centre is not strained and it is the choice of the 
metal ligands themselves which leads to a low reorganisation energy. 
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1.2.2 - Type 2 Cu centres 
Type 2 Cu sites are also mononuclear like type 1 although these do not exhibit 
the unique spectroscopic and magnetic characteristics presented by the other 
types of Cu centres. The role of proteins that contain type 2 Cu centres usually 
involve a substrate or some kind of chemical reaction as opposed to the type 1 
centres which are exclusively involved in electron transfer. An example of this is 
that of Cu, Zn superoxide dismutase (SOD), a dimetallic enzyme which catalyses 
the dismutation of the superoxide radical into dioxygen and hydrogen peroxide 
(Fridovich, 1975); (Tainer, 1983). SOD is a holodimeric enzyme where the core 
of each subunit is composed of a 'greek-key' ~-barrel (see section 1 .2.1, figure 
1.1). In the oxidised form of the enzyme, four histidine nitrogens and a water 
molecule ligate the copper ion, arranged in a tetrahedrally distorted square 
planar configuration. 
Further examples of type 2 copper-containing proteins include Galactose oxidase 
(Ito et a!., 1991), an alcohol oxidase secreted by fungi where the pH has an effect 
on the geometry, which in turn regulates the oxidation states of the Cu ion. 
Amine oxidase (Li et aI., 1998) is another type 2 Cu protein whose role is to 
catalyse the oxidative deamination of primary amines to aldehydes with the use 
of free radicals. 
1.2.3 - Type 3 Cu centres 
This type of Cu centre exhibits unique spectroscopic features, which arise from 
the binuclear nature of the Cu atoms. Examples of proteins containing type 3 Cu 
centres include haemocyanin, which is involved in oxygen transport in molluscs 
and arthropods and tyrOSinase. The active site of Haemocyanin consists of two 
Cu ions approximately 3.5 A apart and both are coordinated by three histidines 
(Volbeda & Hoi, 1989). EXAFS studies of tyrosinase have shown that the active 
site is similar to that of Haemocyanin (Longa et aI., 1996). The majority of 
systems that contain type 3 Cu centres occur in proteins with multiple Cu sites 
(see section 1.2.4.) 
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1.2.4. - Proteins with multiple Cu centres 
Many proteins contain a mix of one of the three types of Cu centre discussed 
previously. Examples of these include nitrite reductase and blue-copper 
oxidases. Nitrite reductase is an enzyme found in the denitrification pathway (see 
section 1 .3) and the structure of this is described in detail in chapter 2. 
1.2.4.1 - The blue-copper oxldases 
Human serum ceruloplasmin (HSC), laccase, ascorbate oxidase and nitrous 
oxide reductase are all part of a family of multi-nuclear 'blue' copper oxidases. 
HSC is a multi copper protein found in the serum of mammals as well as 
bacteria, fungi and plants but is the only multicopper oxidase found in humans. 
The physiological role of ceruloplasmin is thought to be that of a plasma 
ferroxidase. It is also unique among the multicopper oxidases in that in addition 
to one type I site and a type2ltype3 site, it contains two other type I sites 
(Manchonkin et aI., 1998). The crystal structure of HSC has been determined to 
3.1 A resolution (Zaitseva et aI., 1996). Using a combination of X-ray absorption 
spectroscopy with EPR spectroscopy and absorption spectroscopy, Machonkin 
and co-workers (Manchonkin et al. 1998) determined that oxidised ceruloplasmin 
contains a type I site which is permanently reduced and has a very high redox 
potential. The structure revealed that one of the type 1 Cu sites contains a 
Leucine ligand instead of the Methionine in the axial position (see chapter 6). 
Laccase is the simplest of the multi-copper oxidases and responsible for the four-
electron reduction of dioxygen. The protein consists of a monomer of three 
cupredoxin folds containing one type 1 Cu, one type 2 Cu and one coupled type 
3 Cu (Oucros et aI., 1998). The type 1 Cu site contains the usual His-Cys-His 
ligands whilst a leucine completes the coordination. A feature of the fungal 
laccases is the wide range of redox potential which vary from 550 mV to 800 mV 
which is partially dependant on the residue occupying the axial position (Leucine 
or Phenylalanine). 
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The crystal structure of ascorbate oxidase from zucchini (Messerschmidt et aI., 
1989) revealed a dimeric structure with each monomer containing three domains 
that build up each subunit of ascorbate oxidase. Each subunit contains four Cu 
atoms, one as a mononuclear type 1 site and a trinuclear species. The type 1 site 
contains the usual His-Cys-His arrangement with an axial methionine while the 
trinuclear cluster has eight histidine ligands, which are symmetrically supplied, 
from domains 1 and 3. This trinuclear species can be further subdivided into a 
type 3 Cu site with a single pair of Cu atoms sharing six histidine ligands whilst 
the other two histidines are ligated to a 'type 2 Cu'. 
The similarity amongst the blue-copper oxidases and the nature of their Cu sites 
with respect to cupredoxins is explored in more detail in chapter 2 (section 2.3.7). 
1.2.5 - Additional examples of copper sites 
1.2.5.1 - Nltrocyanln 
Nitrocyanin is a 112 residue copper protein from the ammonia oxidising 
bacterium Nitrosomonas europaea, a bacterium that derives its energy from the 
oxidation of ammonia to nitrite. The most striking feature of the protein is its 
brilliant red colour, which for a mononuclear copper protein is intriguing. 
Nitrocyanin consists of a trimer of cupredoxin domains (Lieberman et aI., 2001) 
with a mononuclear Cu site. This Cu site is similar to those of the classic blue 
copper proteins with two histidines and a cysteine ligating the Cu. However, a 
glutamine oxygen atom and a solvent molecule complete a five-coordinate Cu 
site that is square pyramidal in nature in contrast to the distorted tetrahedron 
described in section 1 .2.1 . 
1.2.5.2 - CUA and CUz sites 
Nitrous oxide (N20) is a greenhouse gas and the enzyme nitrous oxide reductase 
(N20R) catalyses the reduction of this to nitrogen (N2) (see section 1.3.4) N20R 
is a dimer with each monomer composed of two domains. It contains two copper 
sites called CUA and CUz (Rosenzweig, 2000). The CUA was named as this 
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because it shares some spectroscopic properties with the CUA site in cytochrome 
c oxidase. CUz is located in the N-terminal domain which exhibits a ~-propeller 
fold while CUA is housed in the C-terminal domain with a cupredoxin fold (Brown 
et aI., 2000). The CUA centre contains two coppers while the CUz centre 
comprises four copper ions arranged in a distorted tetrahedron with seven 
histidines. The structure of the CUz site was not clearly understood but studies 
(Brown et aI., 2000) have provided evidence of a bridging inorganic sulphur in the 
CUz cluster. 
1.3 - Denitrification and the role of metalloprotelns 
Nitrogen in its most inert form makes up around 4/5 of the earths atmosphere 
and is an essential element in the synthesis of DNA and amino acids. 
Denitrification constitutes one of the main branches of the global nitrogen cycle 
(figure 1 .2) where nitrogen is introduced into the biosphere by biological and 
chemical fixation of dinitrogen (N2) and removed by the process of denitrification. 
It is an anaerobic respiratory pathway by which some bacteria carry out the 
sequential reduction of nitrate via nitrite, NO and N20 as intermediates to 
dinitrogen. For each step of the denitrification pathway (equation 1.1) a different 
metalloenzyme is utilised (figure 1.3). The role of each enzyme is introduced 
briefly below since they are described in detail elsewhere; for example see 
Zumft, 1997 (Zumft, 1997). 
Equation 1 .1 
8 
Chaoter 1 - An introduction to coooer proteins 
!NitrOgen Cycle _ 
Fertilizer Factory 
Nodules 
I Nitrate Bacterla~'--~ 
~ 
'----,--~--I c>r 
I Decay and waste 1 
~ 
Nltrle Bacteria ~ 
L..----------t..:;:> 'I N-H-4-+'1 <::11---1 Decomposers I 
Figure 1.2 - The nitrogen cycle. This image was taken from the website 
http://www . marietta.edul 
9 
Chapter 1 - An introduction to CODDer proteins 
1.3.1 - Nitrate reductase 
The first step is catalysed by nitrate reductase where the metal involved can be 
either iron or molybdenum. Two pathways are available for the reduction of 
nitrate. In the assimilatory branch of denitrification two steps are involved, one is 
the reduction of nitrate to nitrite, which is catalysed by nicotinamide dinucleotide 
phosphate (NADPH) whilst in the second step the reduction of nitrite to 
ammonium (NH4 +) is completed. The enzyme involved in this route is a soluble 
cytoplasmic enzyme often refered to as 'Nas' (Moreno-Vivian and Ferguson 
1998). 
In the second route, a dissimilatory nitrate reductase can be found in both 
periplasmic and membrane-bound forms. One form exists as a membrane-bound 
complex that contains Fe-S centres (refered to as 'Nar' (Zumft, 1997)) whilst the 
periplasmic form (refered to as 'Nap') is a multimeric species that contains both a 
Fe-S centre along with molybdenum in the active site (Berks et aI., 1995). A 
crystal structure of a membrane nitrate reductase from Desulfovibria 
desulfuricans (Dias et aI., 1999) revealed the complex nature of the protein with a 
4Fe-4S cluster with a molybdenum atom situated approximately 12 A away from 
the cluster. 
1.3.2 - Nitrite reductase 
The reduction of nitrite to nitric oxide is performed by the diSSimilatory enzyme 
nitrite reductase (NiR). NiR is thought to be a key enzyme in the denitrification 
pathway since it catalyses the first committed step of the pathway which has 
prompted many structure/function studies. The enzyme utilises either a Cu or 
haem moiety as a prosthetic group. Since this enzyme forms a key part of the 
work presented in this thesis, the enzyme is discussed in detail in chapter 2. 
1.3.3 - Nitric oxide reductase 
NO is produced from the reduction of nitrite but since this is a highly toxic species 
to cells, it is thought that NO is immediately reduced to N20. The emergence of a 
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Nitrite reductase 
Cu II Cu 
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Nitrous oxide reductase 
Nitric oxide reductase 
Figure 1.3 - Ribbon representations of the metalloproteins utilised in the 
denitrification pathway (Centre scheme adapted from Kaim and Schwederski, 
1994). 
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crystal structure of nitric oxide reductase (NOR) (Park et aI., 1997) helped to 
elucidate the mechanism of NO reduction. This fungal NOR contains a haem 
group with a cysteine thiolate as an additional haem ligand. 
1.3.4 - Nitrous oxide reductase 
The conversion of N20 to N2 is the final step of the denitrification pathway and 
can even be regarded as a respiratory process in its own right (Zumft, 1997). 
This reaction is catalysed by the enzyme nitrous oxide reductase (N20R). The 
role of the Cu sites was realised by Iwasaki and co-workers (Iwasaki et aI., 1980) 
and a crystal structure determination (Brown et aI., 2000) of the enzyme finally 
revealed the unique nature of the Cu sites as described in section 1.2.5.2. 
It is clear from the examples throughout this chapter that metalloproteins playa 
critical role in all aspects of nature. Although the examples are briefly presented 
here, there have been numerous reviews on the subject of copper and 
metalloproteins (see, for example, Adman, 1991 (Adman, 1991), Chapman, 1991 
(Chapman, 1991) and Holm etal., 1996 (Holm et aI., 1996». 
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Chapter 2 - Structure/function studies of nitrite reductase and rusticyanin 
2.1- Introduction 
This chapter details the numerous structure/function studies on the two copper 
proteins, nitrite reductase (NiR) and rusticyanin (RC). Specifically, the literature 
concerning nitrite reductase from Alcaligenes xylosoxidans is examined in depth 
(along with RC) since it is these proteins that form the basis of this thesis. 
2.2- Nitrite reductase 
As described in chapter 1, section 1 .3, denitrifying bacteria use the enzyme NiR 
in the process of nitrite reduction. Two types of dissimilatory NiR have been 
identified in denitrifying bacteria. One is based around a tetra-haem cd1 system 
and one is a Cu-containing NiR (CuNiR) utilising a type 1 and a type 2 Cu centre 
(Chapter 1, section 1.2.1, 1.2.2). Both haem and CuNiR's reduce nitrite to NO 
(equation 2.1) and these two varieties of NiR are never found in the same cell 
(Averill, 1996). 
[ NOi + 2H+ + e" ----.~ NO + H20 ) Equation 2.1 
2.2.1 - Haem NIR's 
Haem containing NiR's have been found in a wide variety of species including 
Desulfovibrio desulfuricans (Oias et aI., 2000) and Candida utilis (Sengupta et aI., 
1996). Cytochrome cd1 is a dimeric protein of - 120 kDa and features a haem c 
for electron transfer and a haem d1 as the catalytiC site (Baker et aI., 1997). A 
helical structure is formed around the c-haem whilst an eight-bladed ~-propeller 
incorporates the d1-haem. Nitrite reduction occurs at the d1-haem where an 
electron is received from the 'c-haem (Baker et aI., 1997) although the reduction 
potential of the d1 haem is unknown. 
13 
Chapter 2 - Structurelfunction studies of nitrite reductase and rusticvanin 
2.2.2 - Cu-NiR's 
As with haem-based NiR's, CuNiRs have been isolated and characterised from a 
number of bacterial sources, including Alcaligenes (aeca/is 5-6 (AlNiR) (Kakutani 
et aI., 1981), Alcaligenes xylosoxidans (AxNiR) (Abraham et aI., 1993), (Masuko 
et aI., 1984), Achromobacter cyc/oclastes (AcNiR) (Iwasaki & Matsubara, 1972) 
and Pseudomonas aureofaciens (PaNiR) (Zumft et aI., 1987). CuNiRs are 
classified as either blue (AxNiR and PaNiR) or green (AlNiR and AcNiR) on the 
basis of their visible absorption specta. All CuNiR's show a strong absorption 
band at - 600nm which is indicative of a Cu-S(Cys} ligand metal charge transfer 
band from a type 1 Cu site. The ratio of the Molar extinction co-efficients at 
600nm compared to one at - 460nm have been used for classifying a NiR as 
blue or green (Han et aI., 1993). The amino acid sequences of both blue and 
green CuNiRs have now been determined (figure 2.1). 
Masuko, et al. (Masuko et al., 1984) first reported the spectroscopic properties of 
AxNiR and described the UVNIS spectra as exhibiting a shoulder at 470nm with 
two maxima at 594nm and 780nm with extinction coefficients at 640, 3700 and 
1600M-
1 
cm-1 respectively. This is in contrast to the studies of Abraham et al. 
(Abraham et aI., 1993). The authors reported similar maxima at 460, 593 and 
770nm although there was a large discrepancy in the calculated extinction 
coefficients. The extinction coefficients were reported to be 1600, 6300 and 
3000M-
1 
cm-1 respectively. In these calculations the mass was assumed to be 
109.5 kDa. By comparison, the molar extinction coefficients of AlNiR, a green 
NiR, at 460 and 595nm are 3900 and 3000M-
1 
cm-1 respectively, the difference in 
the 460:593 ratio illustrating the difference between green and blue NiRs (see 
section 2.2.7) 
2.2.3 - Specific activity and Cu content of AxNlR 
The aforementioned study of Masuko et al. (Masuko et aI., 1984) measured the 
specific activity of AxNiR and concluded it to be 23.4 units per mg of protein (1 
unit = 1 micromole of nitrite reduced per minute). In addition, they also 
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Figure 2.1 - Sequence alignments performed using CLUSTAL-W. NiRs used are 
Acromobacter cycloclastes (ACHCY) , Alcaligenes fa eca lis (ALCFA) , 
Pseudomonas sp G179 (PSESP) , Rhizobium hedysari (RHIHE), Pseudomonas 
aureofaciens (PSEAR) and Alcaligenes xylosoxidans (ALCXY) . Identities are 
shown in red and similarities in blue. This figure was kindly provided by Dr. Mark 
Ellis. 
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characterised the purified AxNiR by electron paramagnetic resonance (EPR) 
spectroscopy and concluded that the spectra were characteristic of a type 1 Cu 
centre. This is a somewhat surprising observation since type 1 Cu proteins are 
associated with electron transfer and not enzymatic activity. Abraham and co-
workers (Abraham et aI., 1993) measured the specific activity of the crude extract 
and found the activity to be 0.2 units per mg of protein, far less than the assay of 
Masuko ef al. (Masuko et aI., 1984). However, incubating the crude extract in the 
presence of 1 mM CUS04 and repeating the assay vastly increased the specific 
activity to 244 units per mg of protein, an order of magnitude greater than that 
reported by Masuko ef al. (Masuko et aI., 1984). Preparations ofAxNiR, which 
exhibited high activity, were subsequently examined via EPR and the spectra 
were interpreted as having both type 1 and type 2 Cu characteristics. This high 
specific activity in conjunction with the observation of a type 2 Cu when 
compared to the lower activity and 'type 1 Cu' spectra of Masuko ef al. (Masuko 
et aI., 1984) suggested that a type 2 Cu centre is important in catalysis of nitrite 
reduction. Both EXAFS (Strange et aI., 1995b) and ENDOR (Howes et aI., 1994) 
have confirmed the binding of nitrite at the type 2 centre and thus the catalytiC 
role of the type 2 Cu centre. 
2.2.4- Molecular mass determination of AxNlR 
The studies of Masuko ef al. (Masuko et aI., 1984) determined the subunit 
molecular mass from a single sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SOS-PAGE) band to be 37 kOa. Previously, the molecular 
mass using gel filtration was determined to be 70 kOa (Iwasaki, 1976). Masuko ef 
al. (Masuko et aI., 1984) therefore proposed that AxNiA was a dimeric protein. 
Molecular mass determinations performed by Abraham et al. (Abraham et aI., 
1993) using similar biochemical methods were consistent with the findings of 
Masuko et al. (Masuko et aI., 1984), which suggested a dimeric protein. 
The crystal structure of AcNiR was determined to 2.3 A resolution (Godden et aI., 
1991) and revealed that the protein is trimeric, consisting of 3 identical subunits. 
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The subunit mass was calculated to be 36.5 kOa and since the subunits were 
identical, this would result in an overall mass of - 109 kOa which is in 
contradiction to the mass obtained using gel filtration and SOS-PAGE. This 
crystal structure coupled with statistical analysis of the amino acid compositions 
of AxNiR and AcNiR (Abraham et aI., 1993) led to the proposal that AxNiR may 
also be trimeric despite the molecular mass determinations. This was finally 
resolved when Grossmann and co-workers (Grossmann et aI., 1993) utilised x-
ray solution scattering using synchrotron radiation which revealed the structure of 
AxNiR to be also trimeric. 
2.2.5 - Crystallographic AxNlR studies 
Crystal structures of CuNiR have been determined from a wide range of bacterial 
species including AcNiR (Godden et aI., 1991); (Adman et aI., 1995), AlNiR 
(Kukimoto et aI., 1994), PaNiR (Nurizzo et aI., 1997) and AxNiR (Dodd et aI., 
1997); (Dodd et aI., 1998); (Ellis et aI., 2001); (Ellis et al., 2003). All of structures 
confirm that NiR is a trimer (figure 2.2) with the monomer consisting of two 
Greek-key ~-barrels similar to the cupredoxins. Each monomer contains a type 1 
Cu site and a type 2 Cu site, which is located at the subunit interface while one of 
the ligands to the Cu atom is provided by the adjacent monomer. The structure of 
AxNiR has been described in detail by Dodd et al. (Oodd et aI., 1998) and has 
recently been determined to 1.04 A resolution (Ellis et al., 2003) providing an 
extremely accurate view of the protein and in particular, the Cu sites. 
2.2.5.1 - The Cu sites 
The type 1 Cu site is typical to that found in the cupredoxins, with the Cu atom 
ligated by two histidine nitrogens, one cysteine sulphur and a methionine sulphur 
in a distorted tetrahedral geometry. His89 and His139 ligate the Cu atom at 2.02 
and 2.03 A respectively while the cysteine sulphur of Cys130 is at a distance of 
2.20 A from the Cu. The weaker axial Met144 completes the coordination at 2.45 
A (Ellis et al., 2003). The type 2 Cu site is located at the monomer-monomer 
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Figure 2.2 - The ribbon structure of the AxNiR trimer (POe accession code 
1 NOT, (Dodd et aI., 1998). The type 1 Cu centre is shown as a cyan sphere and 
the type 2 Cu centre is shown as a blue sphere. The type 2 water molecule is 
shown as a small gold sphere (not to scale with the Cu atom). 
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interface where three histidines ligate the Cu atom. Two are provided from 
domain 1 (His94 and His129) and the third histidine (HisB300) is from domain 2 
from an adjacent monomer (Dodd et aI., 1998). The Cu-ligand distances of 
His94, His129 and HisB300 are 1.96, 2.00 and 2.00 A respectively and a solvent 
molecule is also ligated to the Cu atom at 1.98 A (Ellis et aI., 2003). The two Cu 
atoms are separated by 12.6 A but are directly connected via a 'Cys130-His129' 
bridge (figure 2.3). This has been proposed as being a possible route for electron 
transfer from the type 1 Cu to the type 2 Cu (Dodd et aI., 1998). Although not 
directly involved in type 2 Cu ligation, the residues Asp92 and HisB249 have 
been shown to be important to the catalytic type 2 Cu site (see section 2.2.6). 
One of the oxygen atoms from Asp92 forms a hydrogen bond to the Cu-bound 
water at 2.54 A whilst the other oxygen atom forms a hydrogen bond to another 
water at 2.88 A (Ellis et aI., 2003). This second water participates in a hydrogen-
bonded water network (Dodd et aI., 1998), which extends to the surface of the 
protein. In addition to inter-water bonding, each water is also bonded to the 
peptide backbone (figure 2.4). This water-network has been proposed as a route 
for delivering the protons required for nitrite reduction (Dodd et aI., 1998); (Ellis et 
aI., 2002). In light of the findings of Ellis et al. (Ellis et aI., 2001), a second water-
network was proposed and was confirmed by the atomic resolution structure of 
AxNiR (Ellis et aI., 2003). 
Crystallographic (Dodd et aI., 1997); (Dodd et aI., 1998), EXAFS (Strange et aI., 
1999) and ENDOR studies (Howes et aI., 1994) have demonstrated that in the 
oxidised enzyme, the binding of the substrate nitrite results in a displacement of 
the Cu-bound water or hydroxyl ion. The structure of AxNiR in a 'high pH form' 
(pH 8.5) has been solved (Ellis et aI., 2001) and in contrast to its 'low pH' (pH 
5.2) counterpart, the electron density at the type 2 Cu site suggested two water 
positions. In view of the short (1.73 A) Cu-ligand of one of the waters, this was 
interpreted as a hydroxide ion. This observation offered an explanation for the 
negligible specific activity of the enzyme at around pH 8 and appears to be 
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Figure 2.3 - The type 1 and type 2 Cu sites illustrating the 'Cys130-His129' 
bridge proposed to be the route by which the electron reaches the type 2 Cu. 
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Figure 2.4 - The hydrogen-bonded water network proposed to be a route of 
delivering protons to the type 2 Cu site ready for nitrite reduction (Dodd et aI., 
1998). This figure was kindly provided by Dr. Mark Ellis. 
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consistent with inability of the substrate to displace the hydroxyl ion (Ellis et aL, 
2001 ). 
2.2.6 - Mutagenesis studies of AxNlR 
Point mutations of CuNiRs have initially focused on the electronic and catalytic 
Cu centres but more recently on the Asp side-chain which hydrogen bonds to the 
type 2 Cu water molecule. These mutations have been performed in both AlNiR 
(Boulanger et aL, 2000) and AxNiR (Prudencio et aL, 2001); (Ellis et aL, 2002); 
(Ellis et aL, 2003) and in both cases this has a significant effect on the enzymatic 
activity. This is consistent with the proposed role of proton donation of Asp92 
(Asp98 AlNiR labeling). An atomic resolution crystal structure of wild-type AxNiR 
(Ellis et al., 2003) detailed the anisotropic behaviour (see chapter 3) at the type 2 
Cu site and revealed that the thermal ellipsoids of the type 2 Cu ligands were 
spherical indicating a high degree of order. In contrast, the thermal ellipsoids of 
the side-chains of Asp92 and HisB249 deviated from the sphericity of these and 
the authors propose that this is indicative of the role of both Asp92 and HisB249 
in substrate binding and utilization. The crystal structure of Asp92Glu AxNiR 
(Ellis et aL, 2003) illustrated major changes at the type 2 Cu site with a large 
movement in the Cu-ligating water molecule, which results in a loss of a 
hydrogen bond between this water and HisB249. Additionally, the AlNiR mutants 
His255Asp and His255Asn (His249 AxNiR labeling) also show a large reduction 
in enzymatic activity (Boulanger et aL, 2000) further emphasizing the importance 
of these Asp and His residues in the enzymatic activity. 
The role of the water network in proton delivery to the type 2 site has been 
examined in AxNiR via the mutation of the mediating His254 residue (figure 2.4) 
(Ellis et aL, 2002). The crystal structure of His254Phe showed that the 
introduction of the bulky Phe residue disrupts the network, which appeared to be 
consistent with the negligible activity of this particular mutant. The interpretation 
of this observation was complicated by the fact that zinc, not copper was 
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occupying the type 2 Cu site which would be expected to be responsible for the 
loss in activity. 
2.2.7 - Electron donation studies of blue and green CuNIRs 
The two subgroups of CuNiR's, green and blue are thought to have specific 
redox partners, pseudoazurin and azurin respectively. The electron required for 
nitrite reduction is donated by the reduced cupredoxin (see section 2.2.9). A 
study by Murphy et al. (Murphy et aI., 2002) demonstrated that the 
pseudoazurins are able to donate to both blue and green NiR's whereas the 
azurins donates poorly to the green NiRs. This was a surprising observation and 
an analysis of the surface potential revealed that the surface charges of blue 
NiRs are only slightly positive in contrast to the highly negative surface potential 
of the green NiRs (figure 2.5). Azurin, like the blue AxNiR has little surface 
potential whereas pseudoazurin has a high positive potential. Docking models 
(Murphy et aI., 2002) suggested that the green NiRs and pseudoazurin come 
together efficiently to form a complex while the blue NiRs interaction with azurins 
or pseudoazurins may not always lead to complex formation. 
2.2.8 - Substrate binding 
The nature of substrate binding in CuNiRs has been the focus of a number of 
spectroscopic and structural studies. Earlier electron nuclear double resonance 
(ENDOR) (Howes et aI., 1994) spectroscopy demonstrated that in oxidised 
nitrite-bound AxNiR, the nitrite molecule binds O-coordinate. XAFS studies from 
Strange et al. (Strange et aI., 1995a) confirmed this method of binding with a Cu-
o distance of 1.98 A, which is concomitant with an expansion of the Cu-
coordination sphere to accommodate the nitrite. Crystallographic studies have 
shown that in nitrite-soaked AcNiR (Adman et aI., 1995) the nitrite binds to the 
T2Cu in a bidentate fashion with Cu-O distances of -2.2 and 2.5 A. The crystal 
structure of nitrite-soaked AxNiR (Dodd et aI., 1997) also reports a bidentate 
mode of binding with Cu-O distances of -1.7 and 2.4 A. It has been shown in 
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Figure 2.5 - Electrostatic surface potentials ofAxNiR, PaNiR and AfNiR (top left -
right), azurin (bottom left) and pseudoazurin (bottom right). This figure was used 
with permission from Murphy et al. (Murphy et aI., 2002). 
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AlNiR that point mutations of the highly conserved active site lie (in both blue and 
green CuNiRs) has an affect on the mode of nitrite binding (Boulanger & Murphy, 
2003). In the absence of the lIe257 residue (AlNiR labeling) it was concluded that 
a monodentate mode of binding would be preferred although the enzymatic 
activity of the variants that displayed this mode of binding was reduced. High-
resolution crystal structures of nitrite-soaked AxNiR have proved difficult to 
obtain. Although a high-resolution substrate bound AxNiR structure has not yet 
been determined, the combined approach of XAFS and crystallography has been 
used to re-examine the mode of nitrite binding (Hasnain & Strange, 2003). This 
analysis gave rise to Cu-01 and Cu-02 distances of 1.94 A and 2.98 A for a 
monodentate mode of binding while the corresponding distances for a bidentate 
mode of binding were found to be 1 .94 A and 2.32 A. 
2.2.9 - The catalytic mechanism of NiR 
In the reduction of nitrite to nitric oxide two phenomena occur, the substrate 
nitrite binds to the type 2 Cu site and an internal electron is transferred from the 
type 1 Cu site, proposed to originate from a physiological electron donor (see 
section 2.2.7). Which event happens first, whether binding occurs to a reduced 
type 2 Cu or whether this happens in a random fashion has been the subject of 
great discussion although evidence collected using the difference EXAFS 
technique (Strange et aI., 1995a); (Strange et aI., 1999) has enabled an 'ordered' 
mechanism to be proposed (figure 2.6) (Strange et aI., 1999). As discussed in 
section 2.2.5.1 (see references therein) in the oxidised enzyme, the binding of 
the substrate nitrite results in a displacement of the Cu-bound water or hydroxyl 
ion. The reduced NiR type 2 Cu site is very similar to that of reduced CuZn 
superoxide dismutase (SOD) (Strange et aI., 1999), which results in a 3-
coordinate Cu site with a loss of water. Strange et al. (Strange et aI., 1999) 
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Figure 2.6 - The ordered mechanism of nitrite reduction adapted from Strange et 
al. (Strange et aI., 1999). The outer route coloured in red shows the binding of 
nitrite to the oxidised type 2 Cu followed by the reduction of the type 1 Cu. The 
inner route coloured in black shows electron transfer preceding the binding of 
nitrite. 
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demonstrated that reduced SOD or the reduced type 2 Cu site in NiR do not bind 
azide thus suggesting that the reduced type 2 centre of NiR is not capable of 
binding nitrite efficiently. Furthermore, Abraham et al. (Abraham et aI., 1993) 
performed activity measurements and detected no nitric oxide formation when 
dithionite/methyl viologen was added to NiR before nitrite. Strange et al. (Strange 
et aI., 1999) suggested that the Cys130-His129 bridge is used in electron transfer 
and a His89-Asp92-His94 arrangement is used in communication. Asp92 and 
His94 sense the binding of nitrite and convey this to the type 1 Cu site, thus 
initiating electron transfer. This corresponds to the outer route in figure 2.6 
although the inner route is equally feasible. 
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2.3 - Rusticyanin 
There has been considerable interest in rusticyanin (RC) since it exhibits some 
properties that are atypical compared to other blue-copper proteins. RC is found 
in the periplasmic space of Thiobacillus ferrooxidans (Ingledew, 1986), a gram 
negative, acidophillic chemolithotroph bacterium which has the ability to oxidise 
ferrous iron in sulphuric acid solution. The bacterium was discovered by Colmer, 
et al. (Colmer et aI., 1950) and its ability to oxidise ferrous iron has been 
exploited in biohydrometallurgy where it has had a significant impact into the 
bioleaching of sulphide minerals and the treatment of acid mine drainage. 
Rusticyanin is a 16.5 kDa protein consisting of 155 amino acids (Cobley & 
Haddock, 1975). It exhibits exceptional acid stability and its optimal pH is 
between 1 and 3 and Blake et al. {Blake & Shute, 1987} even reported some 
redox activity at pH 0.5. In addition to this remarkable property, it has a Cu(I}/{II) 
redox couple of - 680mV whereas more typical redox potentials for the type I 
copper proteins are around 300mV {Stellacyanin has the lowest potential in the 
cupredoxin family of - 185mV and has a glutamine instead of methionine in the 
axial position}. 
2.3.1 - Establishing the role of RC 
Thiobacillus ferrooxidans obtains its energy from the coupling of oxidative 
phosphorylation and electron transfer to the terminal oxygen acceptor 
cytochrome oxidase at the periplasm (Kai et aI., 1989). The end result is that Fe2+ 
is oxidised from a complex electron transfer chain (ETC) involving rusticyanin, 
cytochrome c reductase and iron oxidase (Blake & Shute, 1987). Hazra and co-
workers (Hazra et aI., 1992) also demonstrated the effect of diethyl 
dithiocarbamate (DEDC) on the growth of Thiobacillus ferrooxidans and its 
inhibitory effects on RC. The inhibition of growth was suggested to be as a direct 
result of DEDC blocking the Cu site and hence blocking the ETC. However, it 
was suggested that despite RC playing a crucial role in the ETC of the bacterium, 
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it was not the primary electron acceptor. The role of RC is discussed further in 
section 2.3.6. 
2.3.2 - The three dimensional structure of RC and nature of the Cu site 
Several amino acid sequences have been published (Va no et aI., 1991); (Ronk et 
aI., 1991); (Nunzi et aI., 1993) and these show close agreement with the 
exception of small number of disagreeing residues. The sequence homology with 
other blue-copper proteins helped to identify the C-terminal Cu-ligands as being 
a His, Cys and a Met. However, the low sequence homology of RC with the other 
blue-copper proteins outside the C-terminal domain meant that the identification 
of fourth Cu-ligand was uncertain. A model of the Cu site was proposed (Ronk et 
aI., 1991) which suggested that Asp73 was a Cu ligand and this unusual ligation 
with respect to other blue-copper proteins may be a factor which is responsible 
for the high redox potential of the protein. However, metal-substitution studies 
(Strong et aI., 1994) and EXAFS coupled with homology modelling (Grossmann 
et aI., 1995) strongly suggested that this fourth ligand was His85. Additionally, 
the studies of Grossmann et al. demonstrated that the residue adjacent to this 
His was a Ser rather than the typical Asn found in other blue-copper proteins. 
This led to the proposal that this Ser may be an important residue in providing 
RC with its exceptional acid stability. 
The Cu-site ligands described above were confirmed by the structure 
determination of native RC in both oxidised and reduced forms by NMR (Botuyan 
et aI., 1996) and X-ray crystallography (Walter et aI., 1996); (Harvey et aI., 1998). 
These show that the protein is composed of a Greek key ~-sandwich core 
conSisting of 2 ~-sheets, one of 6 ~-strands and one of 7 ~-strands with a unique 
N-terminal extension connected by several loops and coils (figure 2.7). The Cu 
site is very similar to that of other blue copper proteins with three strong ligands 
His85, Cys138, His143 and a relatively weaker Met148 ligand in an axial position 
completing a distorted tetrahedral geometry. 
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Figure 2.7 - The three dimensional structure of rusticyanin (PDS accession code 
1 RCV (Walter et aI., 1996)). The characteristic ~-sandwich or ~-barrel is 
observed whilst the additional 35-residue helical extension (coloured in blue to 
the left of the structure) is clear. The Cu ion is coloured in blue and Cu-ligands 
are shown as ball and sticks. 
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The three-dimensional structures complete with EXAFS studies (Holt et aL, 
1990); (Grossmann et aL, 1995) of RC have provided a detailed view of the Cu 
site although for some of the Cu-ligand bond lengths there is contrasting results. 
The His143-Cu bond length is reported to be short at 1.89 A (Grossmann et aL, 
1995); (Walter et aI., 1996) compared to a cupredoxin mean bond length of 2.09 
A. This is in contrast to the 2.1 A structure of RC (Harvey et aL, 1998), which 
reports a distance of 2.14 A. Conversely, the crystal structures show a Cys138-
Cu bond length of 2.26 A whilst the EXAFS study reports a Cys138-Cu bond 
length of 2.16 A. Whilst the His85-Cu bond length does not differ significantly 
from the cupredoxin family (- 2.1 A from EXAFS and crystallography), the 
Met148-Cu bond length has been the subject of debate since EXAFS suggests a 
shorter Met148-Cu bond length of - 2.6 A compared to - 2.9 A from 
crystallography. Nevertheless, this weaker axial coupled with the very short 
His143-Cu bond length led to the proposal (Walter et aI., 1996) that His143 may 
be the ligand which is responsible for the elevated redox potential in RC. (Refer 
to chapter 7 in this thesis, which elaborates upon the nature of the Cu site). The 
role of the axial ligand in RC and its role in determining the redox potential has 
been the subject of site-directed mutagenesis and is discussed further in section 
2.3.4. 
In addition to the Cu site, the structures of RC have highlighted a number of key 
structural elements that are not found in other cupredoxins. These structural 
elements and their possible effect on bestowing RC with its properties have been 
described in detail (see (Walter et aL, 1996); (Botuyan et aL, 1996» and are 
introduced briefly below. 
2.3.2.1 - The N-terminal extension 
One of the most striking features of the structure of RC when compared to other 
cupredoxins is the addition of a 35-residue N-terminal helical 'extension'. Only 
RC and amicyanin (see chapter 1) have N-terminal sequences that are not found 
in any other cupredoxins. RC is unique in that residues in the N-terminal 
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extension provide secondary structural elements to both ~-sheets. Moreover, the 
~-bulge, which is a feature of the cupredoxins, is utilised only by rusticyanin as a 
means to connect 2 ~-sheets. This extension has been proposed (Walter et al., 
1996) to enhance the acid stability of RC and the implications of this are 
described in section 2.3.5. 
2.3.2.2 - Outer Cu-sphere hydrogen bonding 
The SerB6 residue adjacent to the His85 ligand participates in a hydrogen-
bonding network, which includes the side-chain atoms of Asp88, Thr109 and 
Gln139 and also the main chain atoms of Gly110 and the Cu ligand Cys138. A 
hydrogen bonding arrangement is also observed in other cupredoxins (which 
feature Asn in the equivalent position) although the extent of the interstrand 
connectivity is less. Mutation of the Asn in azurin (Hoitink & Canters, 1992) to a 
Leu had a significant effect on the redox potential (an increase of - 110 mV) 
suggesting that the hydrogen bonding is an important feature in determining 
redox character. Additionally, the hydrogen bonding and the effect of the charged 
residues and stabilisation may influence acid stability since it was proposed that 
the acid stability suggests that this network results in a lowered pKA value of 
Asp88 and Glu55. 
2.3.2.3 - The influence of hydrophobic residues 
Walter et al. noted the distribution of hydrophobic residues not only in the vicinity 
of the Cu site but also in other regions. Although the percentage of hydrophobic 
residues in RC is comparable to other cupredoxins, RC has a large number 
within a 10 A radius of the Cu site. In particular, the hydrophobic residues (so 
called second coordination sphere residues), which provide solvent protection for 
the Cu ion, are discussed in chapter 8. A proline rich hydrophobic loop (residues 
95 to 104) was also highlighted which contains cis-prolines at 95 and 104. It is 
proposed that these cis-prolines facilitate an intimate hydrophobic interaction of 
the loop with the 310-helix of the Cu binding site. This interaction is more intimate 
than in other cupredoxins. 
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2.3.3 - Cloning of the RC gene and site-directed mutagenesis 
The gene encoding rusticyanin has been cloned and expressed in Escherichia 
coli (Hall et aI., 1996), which has paved the way for site-directed mutagenesis in 
helping to elucidate the role of key residues in RC. The role of the Ser86 residue 
adjacent to the His85 ligand has been studied via various point mutations (Hall et 
aI., 1998). Substitution of this Ser had no significant effect on the Cu-site with the 
overall coordination and geometry remaining intact. However, these various point 
mutations impacted upon both the acid stability and redox properties of the 
protein. Mutating Ser86 to the Asn usually found in this position in other blue-
copper proteins resulted in a redox potential that is - 100 mV below the native 
protein, together with a small reduction in its acid stability. A substitution to a 
non-charged Leu has a significant effect on the protein at pH :::; 2.5 accompanied 
with a slight increase in redox potential. A mutation to Asp reduced the redox 
potential by - 60 mV although this mutant has comparable acid stability to the 
native protein. The observations of the behaviour of the Ser86 mutants were 
rationalised using rotamer modeling, where examining the outer-Cu hydrogen 
bonding offered an explanation for the variations in redox potential and acid 
stability. A crystal structure of the Ser86Asp mutant (Kanbi et aI., 2002) illustrated 
the subtle changes that occurred in the hydrogen bonding, consistent with the 
observations of Hall et al. 
2.3.4 - The role of the axial ligand 
The axial ligand and its role in 'fine-tuning' the redox potential of cupredoxins has 
been the subject of discussion (see Gray & Malmstrom, 1983 (Gray & 
Malmstrom, 1983) and Wittung-Stafshede et al. (WittungStafshede et aI., 1998) 
for example). The importance of this axial ligand was further emphasised by the 
finding that stellacyanin has a Gin in the axial position rather than the usual Met. 
Moreover, stellacyanin has the lowest redox potential of the cupredoxins (184 
mY). Conversely, the type 1 Cu centres in fungal laccase and ceruloplasmin 
domain II, have a Leu in this axial position and exhibit redox potentials in the 
range of 550-800 mV (Ducros et aI., 1998); (Zaitseva et aI., 1996). A substitution 
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of the Met to a Gin in RC resulted in a redox potential of 550 mV at pH 3.2 (Hall 
et aI., 1999) whilst a Leu in the axial position elevated the redox potential by -
120 mV to 800 mV. A crystal structure of RC Met148Gln (Hough et aI., 2001) 
revealed that the mutation has little effect on the structure of RC thereby 
suggesting that the reduction in redox potential is a direct consequence of a Gin 
in the axial position. The equivalent mutation in azurin (M121Q, (Romero et aI., 
1993) only resulted in a small reduction of 25 mV in the redox potential although 
it should be noted that the interpretation of the effect of the axial ligand is 
somewhat complicated by the addition of the fifth, carbonyl Cu interaction in 
azurin. The 'reverse' mutation (from Gin to Met) in cucumber stellacyanin 
(Nersissian et aI., 1998) produced an increase of 160 mV. In the crystal structure 
of Met148Leu RC (Kanbi et aI., 2002), the axial Leu adopts the same rotamer as 
that in fungal laccase although ceruloplasmin adopts a different rotamer, which 
may be attributable to the modest resolution (Ceruloplasmin was determined to 
3.1 A, (Zaitseva et aI., 1996». Density function calculations performed by Olsson 
and Ryde (Olsson & Ryde, 1999) determined that the axial ligand may have an 
influence on redox potential of somewhere in the range of 140 mV. This is 
consistent with the mutagenesis studies and provides support for the idea that 
the axial ligand is a fine-tuning device used by cupredoxins in general. Despite 
these aforementioned studies, the source of elevated redox potential in 
rusticyanin is not clear. 
2.3.5 - The role of the N-termlnal extension 
This extension, unique to RC has been proposed to be a contributing factor to its 
acid stability (Walter et aI., 1996). This hypothesis was challenged by Grossmann 
et al. (Grossmann et aI., 2002) whereby a mutant was constructed which lacked 
the first 35 residues from the N-terminus (N-35). Using a combination of 
synchrotron radiation circular dichroism and solution X-ray scattering, the effects 
of this removal were examined. The N-35 mutant exhibited characteristics that 
were significantly different to the native protein with the mutant being insoluble in 
solution at pH 5.0 and above whilst at a lower pH the mutant protein was seen to 
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exist in a hexameric form. Also, the N-35 mutant was unable to bind Cu. The 
authors concluded that despite the removal of the extension, which essentially 
results in a topology that is similar to other cupredoxins, the ~-barrel core is intact 
although the oligomerisation results in a lack of Cu binding. The role of the N-
terminal extension was concluded to be one of shielding the hydrophobic core of 
RC rather than acid stability. 
2.3.6 - RC and redox partners 
The exact nature of the organisation of RC and the proteins in the electron 
transfer chain of Thiobacillus ferrooxidans is still unclear. However, studies by 
Giudici-Orticoni and coworkers (Giudici-Orticoni et aI., 1999) have shown that RC 
forms a complex with cytochrome C4 and the authors propose that residue 143 is 
likely to be the key residue in complex formation. Upon complex formation there 
is a drop in the redox potential of RC (by 100 mV to 490 mV, pH 4.8) whereas 
the redox potential of the two haems from cytochrome C4 remain unchanged at 
385 mV and 480 mV. This drop in redox has been correlated to the deprotonation 
of the nitrogen atom on the solvent exposed His (His143 in RC), which has been 
suggested to be that of a fine-tuning device in blue copper proteins. The crystal 
structures of Met148Gln (Hough et aI., 2001) and Met148Leu (Kanbi et aI., 2002) 
RC have both demonstrated a head to head packing arrangement that involves 
the His143N£1 proton via a solvent mediated interface. Recently the crystal 
structure of cytochrome C4 from Thiobacillus ferrooxidans has been determined 
(Abergel, 2003) and a docking model of RC and cytochrome C4 has been 
proposed. The model showed that Glu121 from cytochrome C4 is in a position to 
hydrogen bond to His143 at a distance of 3.2 A, which could result in partial 
deprotonation of His143. This is consistent with the proposal that a negatively 
charged residue on the surface of cytochrome C4 may be interacting with His143 
(Giudici-Orticoni et aI., 1999). The role of His143 and complex formation is 
discussed in detail in chapter 8. 
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2.3.7 - RC: an ancestral protein? 
It has previously been suggested that RC may resemble the common ancestor of 
the class IV and V cupredoxin domains of the blue-copper oxidases and NiRs 
(Murphy et aI., 1997). This was re-evaluated by the studies of Kanbi et al. (Kanbi 
et aI., 2002) using Met148Leu RC as a model for comparison with the type 1 Cu 
centres of the multi-copper proteins. Structural alignments and structure based 
phylogenetic trees performed in light of additional structural data from Coprinus 
cinereus fungallaccase (Ducros et aI., 1998) demonstrated the close Similarity of 
the type 1 Cu and catalytic centres of RC with the mUlti-copper proteins. In 
particular, the putative proton donor Asp92 found at the catalytic site of NiR (see 
section 2.2.6) is in an identical position to that of Asp88 in RC, a residue that is 
involved in outer-Cu hydrogen bonding. Multiple sequence alignments further 
highlighted the importance of hydrophobic residues and their influence on redox 
potential. The differences between the low and high redox forms of fungal 
laccase were rationalised by comparison of the hydrophobic groups in the 
second coordination sphere and the subsequent interaction of carbonyl oxygen 
as a 'fifth' ligand. A single point mutation of the axial Met to a Leu in RC results in 
a protein that resembles the biochemical and structural characteristics of those 
found in ceruloplasmin and fungal laccase. The authors proposed that on the 
basis of these observations coupled with the structural homology between RC 
and the multi-copper oxidases and NiR, RC may be a candidate as an ancestor 
to ascorbate oxidase, fungallaccase, ceruloplasmin and NiR. 
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Chapter 3 - Experimental and theoretical background to crystal structure 
determination 
3.1 - Introduction 
X-ray crystallography is a method used to obtain three-dimensional structural 
information for molecules. Of the 25667 structures currently deposited in the 
protein data bank (POB) (Berman et aI., 2000), 21886 (85%) have been 
determined by the use of X-ray diffraction or other methods (data collected on 
26th May, 2004). In protein crystallography, a protein crystal contains molecules 
that are arranged in a regular lattice and X-rays are scattered by the electrons of 
the atoms in the crystal. The principles of X-ray diffraction can be found in many 
textbooks (see (Drenth, 1999) and (Woolfson, 1997) for example) and will not be 
elaborated on here. 
The information that is obtained from an X-ray diffraction experiment can be used 
to build a detailed picture of the distribution of electrons in a molecule, which can 
then be used to build an accurate model from the experimental data. The 
electron density at any point (x,y,z) in the unit cell is a Fourier transformation of 
the structure factors F(hkl) 
p(xyz) = 1. L L LI F(hkl) I exp[ -27ri(hx + ky + /z) + ia(hkl)] 
V h k I 
Equation 3.1 
Where the structure factors may be represented by 
N 
F(hk/) = 2,fj exPC21ZiChxj + kyj +lzj» 
1=1 Equation 3.2 
Where h,k,1 define the coordinates in reciprocal space (Le. the reflection) 
Xj, Yit zJ are the co-ordinates for the r atom, 
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fj is the scattering factor of the r atom and Vis the volume of the unit cell. 
The structure factors may be expressed as 
Equation 3.3 
Where Fhkl is the amplitude and <loki is the phase of the structure factor for each 
reflection. The structure factor amplitudes are related to the intensities of the X-
rays, which are measured directly. However, the structure factor phases cannot 
be measured directly and this is often referred to as the 'phase problem'. A 
number of methods have been developed to determine the structure factor 
phases, which are discussed in section 3.3. 
3.2 - X-ray data collection and processing of diffraction data 
3.2.1 - Sources of X-ray radiation 
Prior to the widespread use of synchrotron radiation sources the most widely 
used method of producing X-rays for use in a crystallographic experiment was 
using laboratory-scale X-ray sources such as sealed tube generators and 
rotating anodes. Both of these devices generate X-rays by accelerating electrons 
towards a metal target (anode). The X-rays are produced via two processes. 
Deceleration of the electrons by multiple electrostatic interactions produces a 
broad spectrum of radiation. The second process involves the ejection of 
electrons from the atoms of the target and the vacancy in the electron orbital is 
then filled by the relaxation of an electron from a higher orbital via the emission of 
an X-ray photon. The radiation produced in the second process forms intense, 
characteristic emission lines. By changing the target metal (common metals 
include copper, molybdenum and tungsten) the wavelength can be changed. 
X-rays that are generated from synchrotron radiation (SR) are significantly more 
intense than those produced from laboratory-scale X-ray sources. The number of 
photons per second ('flux') is many orders of magnitude greater and the beam is 
highly collimated with a small divergence. Synchrotron radiation (SR) is 
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generated by the confinement of a stream of charged particles in an 
approximately circular orbit by magnetic fields. These charged particles 
(positrons or more commonly electrons) are accelerated to velocities close to the 
speed of light. The particles are confined for extended periods of time at a 
constant energy in a storage ring and the particles are subject to a continuous 
centripetal acceleration which causes the particles to emit a continuous spectrum 
of radiation at a tangent from each of the bending magnets. The radiation has a 
characteristic wavelength, below which the beam intensity falls away. While 
these bending magnets maintain the circular trajectory, other magnets such as 
wigglers or undulators (referred to as 'insertion devices') can be set up on 
straight sections of the 'ring' to increase the intensity of the radiation. 
Synchrotron radiation sources tend to be classified into 'generations'. First 
generation sources were primarily used in high-energy particle physics where SR 
was produced as a by-product. Second generation synchrotron radiation 
sources, including the SRS at Daresbury (figure 3.1), were constructed solely for 
the generation of SR with X-rays principally generated via the bending magnets. 
Although the majority of synchrotrons are 'second generation', insertion devices 
have been added to increase the beam intensity, for example the wavelength 
shifters on lines 9 and 16 and multipole wigglers on lines 6, 10 and 14 at the 
SRS, Daresbury Laboratory. The third generation SRS have been designed with 
the intention of producing highly intensive radiation via the extensive use of 
insertion devices. Such sources include the ESRF, APS and Spring8, which 
operate with much higher electron energies (up to 8 GeV). 
3.2.2 - Crystal growth, crystal manipulation and data collection 
The pre-requisite for any structure determination is to grow protein crystals that 
diffract X-rays sufficiently well which ultimately lead to the structure being solved. 
Setting up a crystallisation experiment is easy and routine although often there 
can be great difficulty in obtaining any crystals at all. The most widely used 
method of producing diffraction quality crystals is the vapour diffusion method. A 
drop of protein solution mixed with precipitant is slowly dehydrated in a sealed 
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Figure 3.1 - Layout of the Daresbury SRS (Figure taken from Hasnain & 
Hodgson, 1999) indicating the XAFS stations (hutches) in yellow, slow 'tunable' 
PX stations in magenta and a 'fully tunable' MAD station in green. To visualize 
the relative size of the components, a scale is given in the top left of the figure. 
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well by equilibration with a reservoir at a higher precipitant concentration. The 
protein drop can either be suspended from the cover slip used to seal the 
reservoir (a hanging drop, figure 3.2a) or sat on a support above the reservoir (a 
sitting drop, figure 3.2b). In both these approaches, the protein solution is bought 
very gradually to supersaturation by loss of water from the droplet to the larger 
reservoir that typically contains salt or polyethylene (PEG) solution. Small 
aggregates can then be formed which are the nuclei for crystal growth. Other 
methods for protein crystallisation are illustrated in figures 3c and figure 3d and 
the principles of these can be found elsewhere (see for example Ducruix & 
Greige, 1992). 
Protein crystals can be mounted ready for X-ray exposure in two ways. One way 
is to carefully 'inject' the crystal into a micro-capillary. Since crystals are prone to 
dehydrating a small amount of mother liquor is also injected into the capillary, 
saturating the air when the capillary is sealed with wax. These capillaries can be 
held in place by plasticine on to a goniometer, ready for X-ray exposure. The 
second method involves cryo-cooling a crystal. The development of cryo-
techniques was initiated due to the observation that radiation damage to protein 
crystals occurs at room temperature (Low, et al., 1966; Hass and Rossman, 
1970). Flash-cooling crystals to around 100K extends the crystal lifetime and 
significantly reduces radiation damage (Hope, 1988). Damage from radiation is 
caused by 'primary' interactions between the molecules in the crystal and the x-
ray beam (Garman, 1997). This energy is dissipated as heat and provides 
enough energy to break bonds between the atoms in the molecule. Before the 
crystal is exposed to x-rays it is usually soaked in a 'cryo-solution' or 'cryo-
protectant' . Soaking time can be anything from a few seconds to even a few 
days although the time scale is usually in minutes. The cryo-solution consists of 
the crystal mother liquor plus an antifreeze agent such as glycerol, ethylene 
glycol and polyethylene glycol. After the soaking period the crystal is mounted in 
a crystal loop and transferred to the goniometer where it is held in a nitrogen 
stream at 100K. The antifreeze agent in the cryo-protectant and the rapid 
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Figure 3.2 - Example of some of the methods used in protein crystallisation: (a) 
hanging drop vapour diffusion, (b) sitting drop vapour diffusion, (c) liquid-liquid 
diffusion, (d) Dialysis capillary. Figures adapted from Stout and Jensen (Stout & 
Jensen, 1989). 
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freezing enable the crystal to be cooled with no ice formation. Instead a vitreous 
'glass' is formed which does not disrupt the crystal or interfere with x-ray 
diffraction. Flash cooled crystals can be stored if time is limited at a synchrotron 
or in-house source. Once exposed and stored they suffer minimum so called 
'secondary radiation damage' where traditional capillary mounted crystals for 
room temperature data collection begin to degrade (Garman, 1997). The correct 
cryo-conditions tend to be a trial and error process but ultimately they lead to 
better diffraction and generally higher resolution than room temperature crystals. 
Cryo-crystallography also offers the benefits of crystal reannealing. This can lead 
to a decrease in mosaicity, detwinning of crystals and even in extensions in the 
resolution limits. There are numerous reports of the success of crystal annealing 
in the literature, see Ellis et al. (Ellis et al., 2002) for example. 
Prior to initiating a data collection, a test image is usually taken and the data 
processed (see section 3.2.3). An example of an experimental set-up is shown in 
figure 3.3. From this preliminary information a strategy can be prepared to ensure 
the X-ray data collection procedure is optimised. The data collected used to 
determine the structures presented in this thesis were collected using cryo-
cooled crystals at stations 9.5, 9.6 and 14.1 at the Daresbury SRS using a CGO 
detector. A detailed description of the data collection procedure can be found in 
the chapters describing the structures. Figure 3.4 summarises the steps that are 
involved from obtaining the protein to solving the structure. These are described 
in sections 3.2.3 onwards. 
3.2.3 - Data reduction 
Data reduction is essentially a two stage process: firstly the indexing of the 
diffraction spots to the correct h,k,1 values and secondly the determination of the 
intensities of the reflections. The program DENZO (Otwinowski, 1993); 
(Otwinowski & Minor, 1997) is one of several programs to perform both of these 
functions and was used during the course of this thesis. AutO-indexing is initially 
performed to obtain an estimate of the unit cell dimensions and crystal 
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Figure 3.3 - Simplified example of an experimental set-up used in an X-ray data 
collection. For the data collections described in this thesis, the X-rays were 
produced using synchrotron radiation and the reflections were recorded using a 
CCO detector. Figure adapted from Stout and Jensen (Stout & Jensen, 1989). 
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Obtain at least 5-10 mg of purified protein 
Grow crystals using one or more of the following methods: 
microbatch, hanging or sitting drop. 
Mount crystals for x-ray crystallography. 
1 
Make a preliminary assessment of the crystals, checking for crystal quality, 
diffracting power and stability. If not satisfactory undertake more 
crystallization experiments. Otherwise proceed to the next stage. 
Measure intensities I(hk~ to as high a resolution as possible, or as 
required. Proceed to data reduction and assessment of data quality, as in 
small molecule analysis. These procedures will also lead to determination 
of the crystal system, unit cell, space group and number of molecules per 
unit cell and asymmetric unit. 
Select one of the following methods for structure analysis: 
(1) phases from an isomorphous known structure; 
(2) isomorphous replacement (MIR); 
(3) molecular replacement (MR); 
(4) multiple wavelength anomalous dispersion (MAD). 
Figure 3.4 - Flow Diagram for Preliminary X-ray Analysis of a Macromolecule. 
Figure adapted from Stout and Jensen (Stout & Jensen, 1989) 
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orientation. Once these have been accurately determined, a number of other 
parameters are refined to optimise the fit of the predicted diffraction pattern 
against the observed pattern. Such parameters include spot shape, background, 
mosaicity, box size and beam position. DENZO uses X and Y X values as a 
guideline to optimise these parameters. These are residuals that statistically 
measure the error between the observed and expected which should ideally be 
as small as possible. 
The second stage involves the accurate measurement of the intensities of the 
diffracted spots. This is accomplished by the same program, which uses a 
profile-fitting method of integration. Each spot is assigned a profile based on an 
average of the spot profiles over an area of a detector. A small area of the 
diffraction background is measured to provide an estimate of the signal to noise 
ratio. The spots are assigned as either fully or partially recorded depending on 
whether the entire angular range for which the associated reciprocal lattice point 
is stimulated was included in the oscillation range of the image. 
3.2.4 - Scaling and merging 
When the data have been integrated the data from each image needs to be 
scaled into a single data set. Scaling takes into account any changes that may be 
inherent in a data collection (such as varying X-ray beam intensity and crystal 
imperfections). Another consideration is that data from high-resolution datasets 
are generally collected and processed individually to take account of overloaded 
and overlapping spots so these need to be scaled and merged into a single 
dataset. The data collected for this thesis were scaled using SCALEPACK 
(Otwinowski, 1993); (Otwinowski & Minor, 1997). The scale factor is calculated by 
the scaling algorithm described in Fox & Holmes (Fox & Holmes, 1968) in 
SCALEPACK. Scaling between the reference image and the last image (i) is 
given by 
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G. =K. {-2B;Sin 2 8) 
J I ex A? Equation 3.4 
where K j and B j are the scale and temperature factors between the plates and 
the scale factors are then refined. The scale and temperature factors are then 
applied to data (equivalent reflections are merged to a single value for each h,k,1 
reflection) and are then converted to structure factors. The final stage is to 
estimate the overall magnitude of the structure factors. The overall magnitude of 
the structure factor is calculated by the method of French & Wilson (French & 
Wilson, 1978). An approximation of the overall temperature factor is produced 
(Wilson, 1949). A flow diagram illustrating the various steps and programs used in 
data processing is shown in figure 3.5. 
3.3 - Phasing of macromolecular diffraction data 
As described in 3.1, an X-ray reflection has two components: an amplitude and a 
phase term. The amplitude term can be measured directly from the integration of 
diffraction pattern although the phase information is lost. This phase information 
is crucial for a structure determination since it contains the largest part of the 
structural information. Several methods have been developed for phase 
determination and a brief account of these are described here. 
3.3.1 - Isomorphous replacement 
Isomorphous replacement was the first phasing technique to become available to 
crystallographers. This technique involves the introduction of 'heavy' (such as 
platinum, mercury, uranium etc) usually by soaking a crystal with the solution 
containing the heavy meal. It is crucial that the introduction of the metal does not 
cause major perturbations in the crystalline lattice. Since the introduction of the 
metal will make a major contribution to the X-ray scattering, the diffraction pattern 
will be different to that of a non-soaked, native crystal. The pOSitions of the heavy 
atoms can be determined from a difference Patterson map. The positions of the 
heavy atoms allow an approximate phase to be determined for each reflection 
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Figure 3.5 - Flow chart of the steps involved in data processing. The programs 
DENZO and SCALEPACK (Otwinowski, 1993); (Otwinowski & Minor, 1997) were 
used throughout the course of this thesis. This scheme was adapted from Stout 
and Jensen (Stout & Jensen, 1989). 
48 
Chapter 3 - Experimental and theoretical background to crvstal structure determination 
though the use of a 'Harker' construction. If one heavy metal derivative is 
available the method of single isomorphous replacement (SIR) is used. If two or 
more derivatives are available, multiple isomorphous replacement (MIR) used. 
3.3.2 - Anomalous diffraction 
With the technological advances that are being made with rapidly wavelength-
tunable synchrotron beam lines and CGD detectors, the multi-wavelength 
anomalous diffraction (MAD) method is becoming an extremely popular method 
for phase determination. This method is particularly useful for metalloproteins 
since they may intrinsically contain a metal that may be exploited without the 
need for heavy atom soaking. The use of selenomethionine MAD (Doublie, 1997) 
where methionine is replaced with selenomethionine and used as a source of 
anomalous scattering has proved to be the most popular element for use in the 
MAD technique (Ogata, 1998). However, anomalous scattering from sulphur has 
been successfully used to obtain phase information. 
3.3.3 - Direct methods 
Direct methods are methods that seek to solve the phase problem by the use of 
phase relationships based on the observed intensities. The "Shake and Bake" 
method implemented in the program SnB (Weeks, 1994) is an automatic 
procedure for phase determination that has been developed for large, 
macromolecules. This procedure is based on a minimal function, which is 
optimised through alternate cycles of reciprocal space phase refinement and real 
space filtering. SHELXD (Sheldrick, & Schneider, 1997) and most recently 
ACORN (Faodi et al. 2000) have been developed to successfully phase 
macromolecular structures. ACORN has been highly successful although one of 
the drawbacks is that 'atomic resolution' data are required. The program ACORN 
uses only a small percentage (-5%) of the scattering matter of the unit cell to 
generate the initial phases by using a combination of Patterson superposition, 
Sayre's equation and density modification. Current developments of the program 
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coupled with increased computational power mean that data of a lower resolution 
than that of atomic and their success are continually being evaluated. 
3.3.4 - Radiation damage-induced phasing (RIP) 
Ravelli and co-workers have recently demonstrated (Ravelli et aI., 2003) that 
although the intense X-rays produced by a third-generation SRS (ESRF) can 
result in significant radiation damage, even in cryo-cooled crystals, this 
phenomenon may also be used in facilitating phasing. This method is analogous 
to SIR although it requires no heavy atom soaks, relying on the 12 sulphur atoms 
present from disulphide bonds in the test case. Crystals of a similar size and 
diffraction limit were used in 'before and after' datasets using controlled doses of 
X-rays. The authors also reported that this method was successful in solving a 
DNA/RNA structure. 
3.3.5 - Molecular replacement 
The molecular replacement method (MR) involves the determination of the 
orientation and position of an unknown structure using the structure of a known, 
homologous molecule. From this the structure factor phases can be calculated. 
This method was developed by Rossmann and Blow (Rossmann & Blow, 1962) 
and was used to solve the structure of seal myoglobin (Tollin, 1969). The 
structures in this thesis were solved using the MR method as implemented in 
AMoRe (Navaza, 1994) and the method is described below. 
The MR method depends on the Patterson function which is used to represent a 
summation of the product of the electron densities in a crystal at points separated 
by a vector (u,v,w). The Patterson map is a three dimensional plot of the 
Patterson function with axes (u,v,w). Vectors between peaks in the map and the 
origin represent vectors between atoms in the crystal. Peaks representing 
vectors between heavy atoms dominate the Patterson map. This is due to the 
peak height being proportional to the square of the atomic number. 
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P(u, v, w) = J p(x,y,z)p(x + U,Y + v,z+w)dv 
II 
Expressed for crystallographic purposes as 




For a molecule of maximum atomic displacement from the centre of mass, r, 
intra-atomic vectors will lie within a sphere of radius 2r around the origin of the 
Patterson map. These are known as self-vectors while peaks corresponding to 
intermolecular vectors will predominantly lie outside the sphere, and are referred 
to as cross vectors. The selection of an appropriate cut-off radius allows one to 
select one set of vectors over the other. 
3.3.5.1 - The cross rotation function 
This attempts to determine the relative orientations of the search model and the 
unknown structure. The self (intramolecular) Patterson maps for each are 
superimposed. The model Patterson is then rotated in three dimensions and a 
measure of the correlation of the two maps is calculated at each set of rotation 
angles. The rotational transformation between the model and experimental 
Patterson's corresponds to the transformations between the orientation of the 
search model and the unknown structure. The cross rotation function was 
developed by Rossmann and Blow (Rossmann & Blow, 1962) and measures the 
product function R. 
Equation 3.7 
1/ 
where P1(X1) is the Patterson calculated from the diffraction data, P2(X2) is the 
rotated model Patterson and the integral is carried out over a volume u. The 
51 
Chapter 3 - Experimental and theoretical background to crystal structure determination 
calculations are generally carried out in reciprocal space using the Crowther-
Blow algorithm (Crowther & Blow, 1967). 
3.3.5.2 - The translation function 
This function attempts to position the correctly orientated search model into the 
unit cell of the 'experimental data'. The intermolecular (cross) Patterson vectors 
are necessary in such a search. The cross Patterson vectors are clustered 
around Harker sections, the position of these is dependent on the space group of 
the protein structure. The translation search involves calculation of cross 
Patterson vectors for a sample of molecular positions followed by a search of the 
data Patterson for similar vectors. 
T(t) = J p(u )P(u,t)du Equation 3.8 
The final stage of MR is to refine the correctly orientated and positioned known 
structure against the observed structure factors to produce a final solution 
together with a crystallographic R-factor. Once the known structure is correctly 
orientated and positioned in the unknown molecules unit cell an initial set of 
phases can be calculated. These phases together with the observed structure 
factors can be used to calculate an electron density map. 
3.4 - Structure refinement and validation 
For the structures presented in this thesis, the refinement programs REFMAC5 
(Murshudov et aI., 1997) and SHELXL (Sheldrick, 1997) were used. The process 
of refinement and model adjustment is to find the best agreement between the 
calculated and observed structure factors. A structure is refined using iterative 
cycles of model adjustment followed by refinement to produce new electron 
density maps. The agreement between the atomic model and the observed data 
is quoted as a crystallographic R-factor 
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LllFobsl - klFcalcl1 




As the refinement progresses, the R-factor should become lower. Since model 
adjustment is somewhat of a subjective process, the free R-factor (BrOnger, 
1992) was introduced as a cross-validation tool to assess the progress of 
refinement. This measures the agreement between the model and a random 
subset of reflections that are excluded from the refinement, typically around 5% 
of the total number of reflections. Particularly with lower resolution data, it is easy 
to 'overfit' the model since the numbers of observations are more limited. The R-
free factor is calculated along aside the R-factor and is represented by 
LllFobsl - klFcalcl I 
Rfree _ =hkl=c.:.....T ---==--___ _ 
T - LIFobsl 
Equation 3.10 
hklcT 
The R-factor and free R-factor should remain in close proximity during the course 
of a refinement. A refinement step, which 'overfits' the data, will produce a drop 
in the R-factor but no change or even an increase in the free R-factor. 
Throughout the refinement procedure of the structures presented in this thesis, a 
number of structural quality assessments were performed to monitor the quality 
of the model. These were performed with PROCHECK (Laskowski et aI., 1993) 
and WHATIF (Vriend, 1990). In PROCHECK, the stereochemistry of the main 
chain folding and bond lengths and angles are assessed. Ramachandran plots 
(Ramachandran et al., 1963) are produced for all residues and amino acid type. 
The Ramachandran plot gives an indication of the stereochemical quality by 
plotting the (j) and <p dihedral angles of which only certain ranges of pairs of 
angles are allowed. A well-refined model will produce a plot where the angles lie 
within these ranges. Glycine residues lack any side chains and thus these can 
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adopt a wider range of <l> and <p angles. WHATI F provides a detailed description 
of individual residues and their stereochemical quality along with an analysis of 
hydrogen bonding between donors and acceptors. 
3.4.1 - Refinement using Refmac5 
REFMAC5 uses a maximum likelihood approach to refinement. The basic idea of 
maximum likelihood is that the best model is most consistent with the 
observations. Consistency is measured statistically, by the probability that the 
observations should have been made. If the model is changed to make the 
observations more probable, the likelihood goes up, indicating that the model is 
better. The probabilities have to include the effects of all sources of error, 
including not just measurement errors but also errors in the model itself. But as 
the model gets better, its errors get smaller, which means the probabilities 
become sharper. The sharpening of probabilities also increases the likelihood, as 
long as they are no sharper than appropriate. This method is discussed in 
greater detail by Murshudov et al. (Murshudov et aI., 1997). 
REFMAC5 can be run in conjunction with the program ARP/wARP (Lamzin, 
1993) as part of the CCP4 suite (CCP4, 1994) to provide an efficient method of 
refinement coupled with solvent addition. REFMAC5 uses a 'weight matrix' for 
weighting of restraints, which can be changed to account for the inclusion of any 
extra data during refinement. Refinement with high-resolution data is usually 
accompanied by fairly high weight matrix so emphasis is placed on the 
experimental data. 
3.4.2 - Refinement using SHELXL 
The SHELX97 suite of programs (Sheldrick, 1997) contains the SHELXL 
refinement program, which was originally conceived for small molecule 
refinement. The program utilises conventional structure-factor calculations, rather 
than a fast Fourier transform (FFT), which is not suitable for the treatment of 
54 
Chapter 3 - Experimental and theoretical background to crystal structure determination 
anomalous dispersion or anisotropic thermal motion (Sheldrick, 1997). However, 
this approach is computationally more expensive. 
SHELXL refines against ~, even when F values are input. This is due to 
refinement of ~ giving superior results. Additionally, more suitably weighted 
experimental information is incorporated in the refinement. There are also 
difficulties involved, estimating o(F) from o(~) when ~ is zero or, as a result of 
an experimental error, negative. Since R factors based on ~ are larger than 
those based on F a reliability index is output from the program which allows a 
comparison with conventional R-factors 
Equation 3.11 
for reflections with F>4o(F) is included. 
3.4.3 - Atomic resolution refinement 
With the technological advances made in more intense SR beamlines, 
cryocrystallography techniques and CGD detectors, more structures are now 
being solved to approaching 'atomic resolution', which has been defined 
previously (Sheldrick, 1990). The quality of electron density maps at atomic 
resolution make it possible to model alternative conformations of amino acid side 
and main chains and allow the solvent structure to be modelled with far greater 
confidence. Ultimately, in favourable conditions the hydrogen atom positions can 
be resolved. One of the major advantages of structures determined to such high 
resolutions is the ability to replace 'isotropic' temperature factors with an 
anisotropic approximation. Most proteins are refined isotropically using isotropic 
temperature factors since the observation to parameter ratiO is not large enough 
to justify anisotropic refinement. Subsequently, most refinements have to be 
'supplemented' with the use of constraints and restraints, which effectively act as 
artificial observations. In cases where subatomic (generally < 1 A) data are 
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available, a structure may be refined without the use of restraints since there are 
so many observations (with respect to the number of parameters). 
To determine the electron density at x,y and z the contribution from the vibration 
of an atom will result in a smearing effect, lowering the intensity of the scattered 
X-rays. By multiplying the atomic structure factors by an isotropic component, a 
simplistic contribution can be accounted for. The size of the electron density cloud 
around the nucleus is altered as the atoms vibrates around an equilibrium 
position. Thermal motion, dynamic and static disorder all contribute to the 
displacement of an atom around this equilibrium position. A thermal parameter B 
is equal to the mean square displacement u 2 of the atomic vibration multiplied by 
elf 
B=8,r x [f 
Equation 3.12 
Anisotropic temperature factors are given by 
Equation 3.13 
here u 2 (mean square displacement of the atomic vibration) depends on the 
direction of the all the scattering vectors S. U11, U22 and U33 are the values 
u 2 along unit axis a*,b* and c· respectively. 
In determining the atomic resolution structure described in chapter 7, anisotropic 
refinement was performed with REFMAC5 and SHELXl. In the analysis of this 
structure the online resource PARVATI (Merritt, 1999) was used to compare the 
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anisotropy with that of a database of other refined structures. This is described in 
more detail in chapter 7. 
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Chapter 4 - Cloning. purification and characterisation of selected NiR and 
RC mutations 
4.1 -Introduction 
This chapter describes the cloning and purification of specific, site-directed 
mutants of NiR and RC with an aim to further elucidate the structure/function 
relationships of these proteins. A total of 6 mutations were selected for NiR and 2 
for RC and the rationale for these is described in below. The molecular biology 
protocols used in the gene cloning of NiR and RC are slightly different in their 
approach and so the cloning, purification and characterisation (NiR) of these has 
been described separately. 
4.1.1 - Rationale for NiR and RC mutations 
4.1.1.1 - NiR 
(a) Met87Leu and Trp138His - The T1 Cu ligand His139 is located at the 
bottom of a small depression and located at the top of this depression are 
the residues Met87, Pr088, Met135 and Trp138. It has been suggested 
that this 'ring' of residues may represent a docking surface for the redox 
partner to deliver electrons to the T1 Cu site. The mutation of residues 
specifically in this area should help to provide an insight into complex-
formation and recognition with redox partner. 
(b) His313Gln and His313Ala - A 'hydrophobic pocket' on the protein surface 
of NiR has been identified as the channel through which the substrate, 
nitrite, may reach the T2Cu site (Dodd et aI., 1998). Two residues at the 
opening of this pocket, Glu133 and His313 are conserved amongst all 
blue and green CuNiRs except in the case of blue PaNiR where residue 
313 is glutamine. To investigate the role of this residue in substrate 
guidance, a mutation of His313 to Gin would result in the opening of the 
pocket to be similar to that of PaNiR while a truncation to Ala would 
58 
Chapter 4 - Cloning. purification and characterisation of selected NiR and RC mutations 
effectively remove the contribution of residue 313 and hence assess its 
role in substrate guidance. 
(c) lIe251Ala - In the T2Cu site of NiR, a highly conserved lie residue is in a 
position where it provides protection of the T2Cu atom from the exterior of 
the protein. This residue has been suggested in providing steric 
hindrance upon substrate binding (Dodd et aI., 1998). Furthermore, 
studies from Boulanger and Murphy (Boulanger & Murphy, 2003) have 
demonstrated that substitution of this residue has an effect on the mode of 
substrate binding. A truncation of lIe251 to Ala should help elucidate its 
role in substrate binding. 
(d) Asp92HislMet144Leu - The T1Cu site of blue-copper proteins is well 
characterised with a His-Cys-His coordination to the Cu and an axial Met 
ligand completing the coordination. In NiR there is evidence to suggest 
that the T1 Cu and T2Cu sites act as a coupled potential and hence a 
mutation of the axial ligand should have a significant effect on this redox 
couple and internal transfer of electrons to and from the T1 Cu to the 
T2Cu. The multi-Cu proteins fungal laccase and ceruloplasmin have a Leu 
in place of the Met in the axial position. Ceruloplasmin has a histidine 
ligand at the 'T2Cu centre' where in NiR Asp92 provides the anchoring to 
the T2Cu water molecule. This Asp92 residue is thought to be critical in 
proton abstraction and hence a mutation here will further elucidate the role 
of Asp92 in the enzyme mechanism. Kanbi et al. (Kanbi et aI., 2002) have 
recently shown the close similarity of classes of domains of RC, NiR and 
ceruloplasmin. The simultaneous mutation of both the axial Met and T2Cu 
His in NiR would also help to mimic the metal sites of ceruloplasmin. 
4.1.1.2 - RC 
(a) Pro95Lys and Pro104Asn - Both crystal structures (Walter et aI., 1996); 
(Harvey et aI., 1998) and NMR studies (Botuyan et aI., 1996) of RC have 
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shown that a proline-rich, hydrophobic loop connecting p-strands 9 and 10 
forms a close contact with the Cu-binding site. The intimate contact of the 
loop with the Cu-site is facilitated by two cis-prolines, Pr095 and Pro104, 
which are found at the beginning and end of the loop. It is anticipated that the 
substitution of these prolines with charged residues would have a significant 
effect on the ability of the loop to pack against the Cu-binding site and hence 
may render it more susceptible to solvent and affect the Cu-site itself. 
4.2 - A brief introduction to the polymerase chain reaction 
The polymerase chain reaction (PCR) was devised by Kary Mullis in the mid 
1980's (Saiki, 1985), (Mullis, 1987) and has subsequently revolutionised 
molecular genetics. The PCR exploits certain features of DNA replication. DNA 
polymerase uses single-stranded DNA (ssDNA) for the synthesis of a 
complimentary new strand and DNA is effectively amplified. These single 
stranded DNA templates can be produced by heating double-stranded DNA 
(dsDNA) to temperatures close to boiling. DNA polymerase requires a small 
section of dsDNA to initiate synthesis. Originally Ecoli DNA polymerase was 
used in PCR but as this enzyme is heat-sensitive it was destroyed during the 
dsDNA separation step and thus had to be added again at each new step. This 
was both costly and tedious. This changed however with the discovery of 
bacteria (e.g. Thermus aquaticus) that live in hot springs and that have DNA 
polymerases that work optimally at high temperatures (Chien, 1976). This 
enzyme has an optimum temperature of 72°C and remarkably is reasonably 
stable at 94°C making it an ideal candidate for the PCR. Following this discovery 
Taq polymerase can be added once at the very beginning and remains active 
throughout a complete set of amplification cycles. This has paved the way for 
completely automated PCR's that require no manual intervention. 
The starting materials for a PCR are the template DNA or DNA that is to be 
amplified. In addition to this the two oligonucleotide primers are added along with 
DNA polymerase and a mixture of all four deoxynucleotide precursors (dGTP, 
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dCTP, dATP and dTTP). The total reaction volume is usually around 50-100JlI. 
The next step is to form the ssDNA so each strand can become the template for 
the primers and DNA polymerase. This is achieved by heating for around 5 
minutes at 94°C for the first cycle to ensure complete denaturation of the DNA. In 
subsequent steps the time is reduced to 1 min. The temperature is then lowered 
to allow the oligonucleotide primers to anneal to the complimentary sequences in 
the DNA. This step is a key variable in determining the specificity of a PCR. This 
can vary for each sequence to be amplified and usually requires experimentation 
to achieve optimum conditions. 
This temperature range can be anything from 42 - 65°C and DNA-DNA 
hybridisation is a temperature-dependant phenomenon. If the temperature is too 
high then no hybridisation will take place but if the temperature is too low then 
mismatched hybrids will remain stable and product length estimations will be 
irrelevant as it is assumed that only perfect primer-template hybrids are able to 
form. The temperature is then raised to around 72°C, the optimal temperature for 
Taq polymerase to synthesise new strands. This step usually lasts around 2 
minutes. At the end of this period the temperature is once again raised to 94°C 
so that the short stretches of dsDNA (the original strand and newly synthesised 
complimentary strand) separate. These single strands become templates for 
another round of DNA synthesis and the cycle is repeated for typically 30-40 
times. 
4.3 - NIR site-directed mutagenesis 
4.3.1 - peR and analysis of products 
The gene encoding NiR has been cloned as described previously (Prudencio et 
aI., 1999». The gene sequence of NiR (figure 4.1) was used to design 
degenerate synthetic oligonucleotides (figure 4.2) for the desired mutations to be 
used in the PCR. Prudencio et al (Prudencio et aI., 1999) cloned the nirA gene 
into pET28a (Novagen, figure 4.3) using the Sac' and Hind'" restriction sites to 
generate a plasmid designated pEnirsp1. This was used as the template DNA for 
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5' -cgggaccgcctgggcgcaggacgccgacaagctgccccataccaaggtcacgctggtcgc 
3' -gccctggcggacccgcgtcctgcggctgttcgacggggtatggttccagtgcgaccagcg 
G TAW A Q 0 A 0 K L P H T K V T L V A 15 
tccgccccaggtgcatccgcacgagcaggcgaccaagtcgggccccaaagtcgtcgaatt 
aggcggggtccacgtaggcgtgctcgtccgctggttcagcccggggtttcagcagcttaa 
P P Q v H P H E QAT K S G P K V V E F 35 
caccatgaccatcgaggaaaagaagatggtgatcgacgacaagggcacgacgctgcaggc 
gtggtactggtagctccttttcttctaccactagctgctgttcccgtgctgcgacgtccg 
T M TIE E K K M V I 0 0 K G TTL Q A 55 
catgacgttcaacggctccatgcccggccccacgctggtggtgcacgagggcgactacgt 
gtactgcaagttgccgaggtacgggccggggtgcgaccaccacgtgctcccgctgatgca 
M T F N G S M P G P T L V V H EGO Y V 75 
ccagctgacgctggtcaacccggccaccaacgccat gccgcacaacgtcgacttccacgg 
ggtcgactgcgaceagttgggecggtggttgcggtaeggegtgttgeagc tgaaggtgcc 
Q L T L V N PAT N AMP H N V 0 F H G 95 
cgccaccggcgcgctgggcggcgccaagctcaccaacgtcaaccctggcgagcaggctac 
geggtggecgcgcgaccegcegcggttcgactggttgcagttgggaccgctegtcegatg 
A T GAL G G A K L T N V N P G E QAT - 115 
gctgcgcttcaaggecgaccgcagcggcaeettcgtctaccactgcgcgcccgaaggcat 
cgacgegaagttccggctggegtcgccgtggaagcagatggtgacgcgcgggcttccgta 
L R F K A 0 R S G T F V Y H CAP E G M - 135 
ggtgccctggcacgtggtgtcgggcatgagcggcacgctgatggtgctgccgcgcgacgg 
ecacgggaeegtgcaecaeagecegtactcgccgtgcgactaccacgacggegcgctgec 
v P W H V V S G M S G T L M V L PRO G - 155 
cctgaaggatccgcagggcaagccgctgcattacgaccgcgcctaeaceateggcgagtt 
ggacttcctaggcgtcccgttcggcgacgtaatgctggcgcggatgtggtagccgcteaa 
L K 0 P Q G K P L H Y 0 RAY T I G E F - 175 
cgacctgtacatccccaagggeccggacggeaagtacaaggactacgccacgctggccga 
gctggacatgtaggggttcccgggcctgccgttcatgttcctgatgcggtgcgaccgget 
o L YIP K GPO G K Y K 0 Y A T L A E - 195 
aagctatggcgacacggtgcaggtgatgcgcacgctgaegeegtcgcacatcgtcttcaa 
ttcgataccgctgtgccacgtccactacgcgtgcgactgcggcagcgtgtagcagaagtt 
S Y GOT V Q v M R T L T P S H I V F N - 215 
tggcaaggtcggcgcgctgaccggcgccaacgcgctcaeegeeaaggteggcgagaecgt 
accgttccagccgcgcgactggccgcggttgcgcgagtggcggttccagccgctctggca 
G K V GAL T G A N A L T A K V GET V - 235 
gctgctgatceactcgcaggecaatcgcgacacccgcccgcacctgat cggcggccatgg 
cgacgactaggtgagcgtccggttagcgctgtgggcgggcgtggactagccgccggtacc 
L L I H S Q A N ROT R P H L I G G H G - 255 
agactgggtttgggagaccggcaagttcgccaacccgccgcagcgcgacctggaaacctg 
tctgacccaaaecctctggccgttcaagcggttgggcggcgtcgcgctggacctttggac 
D W V WET G K FAN P P Q R D LET W - 275 
Gttcatccgcggcgggtcggccggcgccgcgctctaeaeetteaagcagcctggcgtgta 
caagtaggcgccgcccagccggccgcggcgcgagatgtggaagttcgtcggaccgcacat 
FIR G GSA G A A L Y T F K Q P G V Y - 295 
tgcetacctgaaccacaacetgatcgaggccttcgaactgggcgccgccggccacatcaa 
acggatggacttggtgttggaetagctccggaagcttgacccgcggCggCcggt gtagtt 
A Y L N H N LIE A F E L G A A G H I K - 315 
ggtcgagggcaagtggaacgacgaectgatgaagcagatcaaggcgcecgegccgattccgcgetga - 3' 
ccagetcccgttcaccttgetgctggactacttcgtctagttccgegggcgcggctaaggcgcgact - 5' 
v E G K W NOD L M K Q I K A PAP I P R TBRM-336 
Figure 4.1 - The gene sequence of NiR. The encoded protein consists of 336 
residues starting with Gin and ending with Arginine. The nucleotides coloured in 
red are where substitutions are to be introduced. The replacement of His313 with 
a Gin is coloured in red, and only a change from Asp92 to His is shown. 
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Met87Leu-1 5' -GCCACCAACGCCTTGCCGCACAACG-3' 
Met87Leu-2 5' -CGTTGTGCGGCAA GGCGTTGGTGGC-3' 
Asp92His-1 5' -GCCGCACAACGTCCACTTCCACGGCG-3' 
Asp92His-2 5' -CGCCGTGGAAGTG GACGTTGTGCGGC-3' 
Trp138His-1 5' -GGCATGGTGCCCCATCACGTGGTGTCGG-3' 
Trp138His-2 5' -CCGACACCACGTGATG GGGCACCATGCC-3' 
lIe251 Ala-1 5' -GCCCGCACCTGGCCGGCGGCCATGG-3' 
lIe251 Ala-2 5' -CCATGGCCGCCGGCCAGGTGCGGGC-3' 
His313Ala-1 5' -GCGCCGCCGGCGCCATCAAGGTCGAGG-3' 
His313Ala-2 5' -CCTCGACCTTGATGGCGCCGGCGGCGC-3' 
His313Gln-1 5' -GCGCCGCCGGCCAAATCAAGGTCGAGG-3' 
His313Gln-2 5' -CCTCGACCTTGA TITGGCCGGCGGCGC-3' 
Figure 4.2 - The six synthetic oligonucleotides used in PCR to encode the 
mutations. 
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the site directed mutagenesis programme. Mutagenesis was performed using the 
QuikChange site-directed mutagenesis kit (Stratagene) following the instruction 
of the manufacturer. Upon incorporation of the oligonucleotide primers a mutated 
plasmid is generated which can then be used in transformation (section 4.3.2). 
For the Met144Leu/Asp92His mutation the template DNA featured a single 
mutation of Met144Leu (plasmid pEm1441r, M. J. Ellis et al., unpublished results). 
The reaction mix consisted of 10ng of template DNA, 1 JlI of oligonucleotides at a 
concentration 250ng/JlI, 3J11 of dNTP mix as provided by the supplier and 5JlI of 
10x reaction buffer. Double distilled water was used to bring the reaction volume 
to 49JlI and finally 1 JlI of Pfu DNA polymerase was added to start the reaction. 
peR was performed in a MJ Research Inc. thermal cycler using a thermal cycling 
program of (1) 95°C for 30 seconds, (2) 55°C for 1 minute and 68°C for 16 
minutes. A maximum of 16 cycles were performed in total. 
Following the completion of the PCR, the restriction enzyme Opn1 (1 ~I of 
10units/JlI) was added to the reaction mixture and incubated in a water bath for 
approximately 1 hour at 37°C. Parental DNA (isolated from E. coli strains) is 
almost always methylated whereas synthetic DNA formed from the PCR is not. 
This endonuclease digests the methylated parental DNA leaving the synthetic 
DNA containing the desired mutation. Agarose gel electrophoresis was then 
used to separate the DNA fragments according to size. Horizontal agarose gels 
(0.6%) were used submerged in 1X Tris-Borate-EDTA buffer (TBE) and were 
electrophoresed at 60 V for 1 hour. To visualise the DNA, 0.1 Jlg/ml ethidium 
bromide was added to cooled molten agarose before the gels were cast. A 1-kb 
ladder was used as a size marker for the fragments and was electrophoresed in 
parallel with the PCR products. The gel products were then visualised using an 
UV transilluminator and photographed. The results of the PCR are shown in 
figure 4.4. 
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Figure 4.3 - Map of the pET21 a plasmid that carries the nirA gene (Prudencio et 
aI., 1999) used as the template DNA in the PCR. Following a successful PCR, a 
mutated plasmid is generated containing the mutation in the nirA gene. 
65 
Chapter 4 - Cloning. purification and characterisation of selected NiR and RC mutations 
Lane 1 2 3 4 5 6 7 8 
Figure 4.4 - Analysis of the peR-amplified DNA by a 0.6% (w/v) agarose gel. 
Lane 1 - 1 kb DNA ladder, Lane 3 - Met87Leu, Lane 4 - His313Ala, Lane 5 -
lIe251 Ala, Lane 6 - His313Gln, Lane 7 - Met144Leu/Asp92His and Lane 8 -
Trp138His. The lower bands in lanes 4 and 6 may be attributed to linear DNA. 
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4.3.2 - Transformation and phenotypic expression 
Following the satisfactory analysis of the PCR products, Dpn1-treated DNA was 
transformed into super-competent Epicurian Coli using a heat-pulse method. For 
maximum transforming efficiency, the handling of the super-competent cells was 
performed as described exactly by the manufacturer. Briefly, 1-5J.1I of DNA was 
added to 100JlI of cells in pre-chilled tubes. The transformation mixture was left 
on ice for 30 minutes then transferred to a water bath held at 45°C for 45 
seconds and then left on ice for 2 minutes. The length of the heat pulse is critical 
in achieving maximum transformation efficiency. For phenotypic expression, the 
products of the transformation were added to 0.5ml of Luria-broth with glucose 
incubated at 37°C for 1 hour with mild shaking (225-250rpm). This period is 
necessary to allow the synthesis of the appropriate gene for conferring antibiotic 
resistance. 250JlI of this was then added to LB-agar plates supplemented with 
Kanamycin (2JlI of 10mg/JlI) and streaked. These plates were incubated at 37°C 
overnight for bacterial growth. 
4.3.3 - Plasmid purification and DNA sequencing 
The plasm ids from the successful growth of colonies thought to contain the 
mutagenised insert were purified using a plasmid 'miniprep' kit (Qiagen) following 
the instructions of the manufacturer. The DNA obtained from such minipreps is of 
high quality and can therefore be used directly in cloning and sequencing 
experiments. Figure 4.5 shows the results of plasmid purifications from clones 
selected from above. 
For DNA sequencing, the dideoxy sequencing method was used as originally 
described by Sanger et al. (Sanger, 1977). The chain-termination method 
requires single stranded DNA so the molecule to be sequenced is usually cloned 
into an M13 vector (Brown, 2001). The first step in sequencing is to anneal a 
short oligonucleotide primer onto the recombinant M13 molecule. This acts as 
the starting point for complimentary strand synthesis by the Klenow fragment of 
DNA polymerase I or a 'Sequenase', a modified version of the polymerase 
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encoded by the bacteriophage T7. The strand synthesis is started by adding the 
enzyme plus each of the four deoxynucleotides (dGTP, dCTP, dATP and dTTP) 
as well as a single modified dideoxynucleotide (e.g. dideoxyATP, dideoxyGTP 
etc). This dideoxy nucleotide can be incorporated in the same way as a 
deoxynucleotide but it lacks a hydroxyl group at the 3' position of the sugar 
component and hence chain termination occurs whenever the enzyme 
incorporates a dideoxynucleotide. If for example, dideoxyATP is added to the 
reaction mix termination occurs at positions opposite thymidines in the template. 
However, since dATP is present termination does not always occur at the first 
thymidine. Thus a family of new strands is obtained all of different lengths but 
each ending in dideoxyATP. As well as the reaction with dideoxyATP, there is 
one with dideoxyTTP, dideoxyGTP and dideoxyCTP resulting in four distinct 
families of newly synthesised polynucleotides. To separate the varying lengths 
from each 'family' gel electrophoresis is used although the conditions have to be 
carefully controlled since it is necessary to separate strands that differ by one 
nucleotide. Each band in the gel contains only a small amount of DNA so auto-
radiography has to be used to visualize the results. The label is introduced into 
the new strands by including a radioactive deoxynucleotide in the reaction 
mixture for the strand synthesis. In order to read the DNA sequence the band 
that has moved the furthest is located. This represents the smallest piece of 
DNA, the strand terminated by the incorporation of the dideoxynucleotide at the 
first position. The 'lane' in which this occurs is noted (e.g. G) and the next mobile 
band corresponds to a DNA molecule one nucleotide longer than the first. If this 
occurs in lane T then the sequence thus far is GT. This is then continued along 
the radiograph until the bands on the radiograph can no longer be separated 
from one another. 
Manual sequencing was performed by Dr. Gary Sawers using the T7Sequencing 
Kit (pharmacia Biotech), according to the instructions of the manufacturer, with 
[a-35S]dATP (NEN) as the radioactive isotope. Prior to commencing sequencing 
the DNA was denatured by adding 4ml 2M NaOH and 2M EDT A and leaving for 
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Lane 1 2 3 4 5 6 7 8 
Figure 4.5 - Analysis of the purified plasmid DNA by a 0.6% (w/v) agarose gel. 
From the top of the gel: Lane 1 - Size markers, Lane 2 - Met87Leu clone 1, 
Lane 3 - Met87Leu clone 2, Lane 4 - His313Gln clone 1, Lane 5 - His313Gln 
clone 2, Lane 6 - Met144Leu/ Asp92His clone 1, Lane 7 - Met144Leu/ Asp92His 
clone 2, Lane 8 - lIe251 Ala. Bottom of the gel: Lane 1 - Size markers, Lane 2-
Trp138His clone 1, Lane 3 - Trp138His clone 2, Lane 4 - His313Ala. The white 
arrows show where the faint bands in the lower part of the gel are. 
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5 minutes followed by the addition of 3M ammonium acetate. The resultant gels 
(figure 4(6) showed that 5 out of the 6 mutations had been correctly incorporated 
while the mutation of His313 to Ala was not successful. 
4.3.4 - Overexpression and bacterial growths 
Following the success of introducing 5 of the intended 6 mutations, the next step 
involved the transformation into the E. coli strain BL21 (OE3) for testing the 
overproduction of recombinant protein. Figure 4.7 shows the results from the 
initial small trials of over-production. Larger scale growths were performed by Mr. 
Roger Harris where 1 L fermentations were used to grow large quantities of E. 
coli containing the gene of interest to be overexpressed. Two different types of 
media were used in the fermenters. Standard LB medium which, in a fermenter 
will give an 00600 = 7.0, was used in initial fermentation trials or where it was 
the only suitable medium. Later trials used HYE 50 media which, in a fermenter, 
will give an 00600 = 50.0. This in most instances allowed the production of a 
large amount of biomass and hence large amounts of overproduced protein. The 
1 L fermenters were Bioflow III (New Brunswick Scientific). An overnight culture, 
typically 10% of the volume of the fermenter, was inoculated 15 h before addition 
to the fermenter and grown at 37°C with shaking. Fermenters were set up with 
the same specification each time; dissolved O2 20%; pH 6.8; air flow 0.5-2.0 
cm3s-1; agitation 200-1000 rpm (under O2 control); temperature 37°C, followed by 
28.5°C for induction period. Fermenters were inoculated with a 10% (v/v) 
inoculum and the 00600 was recorded every hour. At mid log phase (00 - 30) 
the temperature was decreased from 37°C to 28.5°C followed by induction by 
addition of enough IPTG to give a final concentration of 100 nM. Cells were 
harvested by centrifugation after a further three hours incubation and stored at -
80°C. 
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Figure 4.6 - Results from DNA sequencing. A black dot indicates the point of 
mutation. The negative result of H313A has not been included. In all cases the 
four bases are read left to right in the following order: G, A, T, C. 
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1 2 3 4 5 6 7 
Figure 4.7 - A 12.5% polyacrylamide gel showing the results of over-expression. 
The upper arrow indicates the pre-cursor where the lower arrow indicates the 
product that is exported into the cytoplasm. Lane 1 - Standards (MBI 
Fermentas), Lane 2 - BL21, Lane 3 - Asp92His/Met144Leu, Lane 4 -
His313Gln, Lane 5 - lIe251 Ala, Lane 6 - Met87Leu, Lane 7 - Trp138His. 
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4.3.5 - Protein extraction and purification 
Frozen cells obtained from the harvesting of the growths described in section 
4.3.4 were thawed gently and were made into a suspension with a small addition 
of 250mM Tris-HCI, pH 7.4. To this a micro-spatula of DNase was added along 
with a few drops of 1 mM CUS04 and the suspension was placed into a French 
press (1000psi). Cell debris and unbroken cells were removed by centrifugation 
of the extract at 20K rpm for 45 minutes. The supernatant was then loaded onto 
a prepared DEAE column equilibrated with 100mM Tris-HCI, pH 7.4. Following 
this purification step, - 150-200ml of eluted 'protein' was dialysed overnight in 
water with a small addition of CUS04 to a concentration of 1 mM. The proteins 
Met87Leu and lIe251 Ala were more susceptible to precipitation and thus an 
additional centrifugation step was performed to confirm any colour in the resulting 
pellet. In these cases another round of suspension, centrifugation and column 
purification followed whilst retaining both pellets and supernatants. This step had 
to be repeated several times. 
The final purification step involved loading the protein onto a column packed with 
carboxymethyl cellulose CM52 matrix. This was initially equilibrated with 0.5M 
MES, pH 6.0 and water and then protein were loaded onto the column. The 
binding of the protein to the column was monitored and His313Gln and 
Trp138His bound tightly as a bright, blue band. Both of these were eluted using 
200mM NaCI in 200mM Tris-HCI, pH 8.0. The binding of Met87Leu, 
Asp92His/Met144Leu and lIe251 Ala tended to be less tight and more dispersed 
through the column matrix. The lIe251Ala mutant in particular was eluted in a 
larger volume than the other 2 NiR mutants, as were Met87Leu and 
Asp92His/Met144Leu. Following this, a second column was prepared and the 3 
proteins were subject to purification using a salt gradient set in the range of 0 -
200mM. A two-chamber mixing system was employed with one chamber 
containing 50mM MES, pH 6.0 under stirring and the other chamber containing 
200mM NaCI in 200mM Tris-HCI, pH 8.0. This setup was then linked to a UVNis 
monitor set to 280nm. Any dispersion of protein bands to the naked eye were 
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eluted and collected in separate vials. The proteins were then dialysed against 
MES, pH 6.0 to remove any salt and then concentrated using Centriprep-10 
(10Kda molecular weight cut-off) concentrators (Amicon). The purity of the 
proteins was assessed using SOS-PAGE (figure 4.B) showing the purified 
proteins to be highly homogenous. The yields of MetB7Leu and lIe251Ala were 
significantly lower than expected and equated to approximately 10mg mr1 in a 
1 ml total volume. The yields of the other proteins were typically five to ten times 
greater than this. 
4.3.6 - UV Nls characterisation 
Protein samples were concentrated to - 0.35 - 0.60 mg mr1 in MES pH 6.0 
buffer and data were collected using a Perkin-Elmer Lamda 16 
spectrophotometer. The optical spectra of the five NiR mutants are shown in 
figure 4.9. Trp13BHis is an intense blue colour with a strong peak at 595nm (E595 
= 6.7B mM·1 cm-1 and an extinction coefficient of 2.71 mM-1 cm-1 at 470nm. The 
470:595 ratio is 0.4:1, which is consistent with a blue colour since native NiR has 
a ratio of 0.25:1 for the native protein where AfNiR (green) has a ratio of 1.3:1. 
Similarly, His313Gln is an intense blue colour and has a 470nm (£ = 3.24 mM-1 
cm-1) to 595nm (£ = 6.0B mM-1 cm-1) ratio of 0.53. In Asp92His/Met144Leu the 
595nm peak is still prominent (£ = 2.768 mM-1 cm-1) although it extends into the 
740nm shoulder region. A similar spectrum is observed with the single mutation 
of Met144Leu in AxNiR (Ellis et a'., unpublished results). Both Met87Leu (£470 = 
2.15 mM-1 cm-1, £595 = 3.12 mM-1 cm-1) and lIe251 Ala (£470 = 3.71 mM-1 cm-1, E595 
= 4.51 mM-1 cm-1) show a similar trend with the 595nm peak again prominent 
with a sharp rise immediately preceding this. Met87Leu is a light blue/purple 
colour while lIe251 Ala was a very faint blue colour, almost colourless. 
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Lane 1 2 3 4 5 6 
Figure 4.8 - SOS gel of the NiR mutants, which shows them to be highly 
homogenous. No markers were used on this gel since a previous gel revealed 
the size of the bands to be correct albeit with a lower homogeneity. Lane 1 -
Asp92His/Met144Leu, Lane 2 - blank, Lane 3 - Met87Leu, Lane 4 - Trp138His, 
Lane 5 - His313Gln, Lane 6 - His313Gln (separate vial). 2 fractions were eluted 
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Figure 4.9 - UVNis spectra of the 5 pure, NiR mutants. The characteristic 595nm 
peak, indicative of a T1 Cu site is seen in all mutants albeit with some variation. 
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4.3.7 - Electron Paramagnetic Resonance (EPR) characterisation 
To ensure that the preparations of NiR contained a full complement of Cu in both 
T1 Cu and T2Cu sites, EPR was employed. Briefly, EPR is a technique that 
requires samples with unpaired electrons and are therefore paramagnetic. Many 
metalloproteins are ideally suited to this technique since the transition elements 
in particular have unpaired d-orbital electrons. Cu in particular is amenable to this 
technique since it has one unpaired electron. NiR preparations that have T1 Cu 
but are T2Cu depleted and preparations that have a full complement of copper 
have been reported (Abraham et a!., 1993); (Prudencio et a!., 1999) and can be 
compared with samples to gain a qualitative assessment of the Cu loading. 
EPR for the NiR mutants were collected at 100K with a microwave power of 4W 
with a JEOL FES-RE2X spectrometer fitted with a JEOL X-Band microwave 
bridge and a JEOL DVT2 temperature control unit, data were collected at -150°C. 
The scans of the spectra for the His313Gln, Trp138His and Asp92His/Met144Leu 
NiR are shown in figures 4.10, 4.11 and 4.12. The spectrum of His313Gln is very 
similar to the native protein showing a characteristic mix of T1 Cu and T2Cu sites. 
For Trp138His, a mix of a T1 Cu and T2Cu signature is observed with some 
variations which may be attributed to the contribution of the histidine adjacent to 
the Cu-ligating His139. The spectrum of Asp92HiS/Met144Leu is more complex. 
Without the use of simulations it is difficult to assess, particularly with the 
contribution of a histidine that could interact at the T2Cu site although the 
spectrum suggests that there is no evidence of only T1 Cu signature hyperfine 
splitting and some contribution from a T2Cu site. From these spectra coupled 
with the UVNis measurements described above suggest that in all of the NiR 
preparations, there is evidence of both T1 Cu and T2Cu in the samples. The 
crystal structures of these NiR mutants (described in chapters 5 and 6) show this 
to be true. 
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Figure 4.10 - EPR spectrum of Asp92His/Met144Leu NiR 
Figure 4.11 - EPR spectrum of His313Gln NiR 
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x 
Figure 4.12 - EPR spectrum of Trp138His NiR 
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4.3.8 - Activity measurements 
The enzymatic activities of the NiR mutants were measured using two 
independent methods described below. 
NiR activity was determined using the discontinuous methyl viologen assay as 
described by MacGregor (MacGregor, 1978) and Abraham et al, (Abraham et aI., 
1993). The reaction mixture contained in a final volume of 2ml, 250 mM 
potassium phosphate buffer (pH 7.1) and 0.1 mM sodium nitrite. Methyl viologen 
(MV) at a concentration of 0.5 mg mr1 was used as the electron donor and the 
reaction was initiated by the addition of dithionite to a final concentration of 0.4 
mg mr1 followed by gentle mixing. The mixture was then incubated at 25° C for 
five minutes and the reaction was stopped by vortexing to oxidise the residual 
dithionite. The amount of nitrite left in the mixture was then determined via the 
UVNis spectra. One unit of enzyme activity is defined as the reduction of 1 
Jlmole nitrite per minute per mg of protein. 
In the case of the electron donation experiments using the physiological redox 
partner, both reduced azurin I and NiR were checked for protein purity and were 
subsequently prepared anaerobically in a glove box. Sodium dithionite was 
added to a final concentration of 1 mM to a - 0.7 mM solution of azurin I in 1 ml 
50 mM MES pH 6.0. After incubation for 2 min, excess reductant was removed 
by passage of the protein through a Sio-Gel P-6 Desalting Gel (Sio-Rad) column 
(14 cm x 1 cm) equilibrated with degassed 100 mM Tris-HCI buffer, pH 7.1 at a 
flow rate of ca. 0.75 ml min·1. After reduction and removal of the excess 
dithionite, azurin I had a concentration of - 0.45 mM in a total volume of - 1.5 ml. 
The activity assay measured the reoxidation of reduced azurin from the increase 
in absorption at 619 nm. The degassed reaction mixture contained 0.15 mM 
reduced azurin I, and 20mM sodium nitrite in 100 mM Tris-HCI pH 7.1. The 
reaction was performed under argon and was started by the injection of the NiR 
through the rubber closure of the cuvette. Oxidation of azurin I in the absence of 
enzyme was determined in a blank assay using water instead of protein solution 
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and this slope was subtracted from the one obtained for the protein assays. One 
unit of enzyme activity is defined as the oxidation of 1 J.1mol of azurin per min per 
mg protein. 
With the artificial electron donor, both Trp138His and His313Gln exhibited near-
full activity of native NiR (260 J.1 moles of MV reoxidised min-1mg-1 of protein). In a 
second' physiological' assay system, reduced azurin I was used as the electron 
donor. The activity for His313Gln was -80% of the activity observed for native 
NiR whereas the Trp138His mutant had a significantly reduced activity of -10% 
of that of the native AxNiR protein. In the case of Asp92His/Met144Leu, the 
activity was severely reduced using both donors to -10% of the native protein. 
For the MV assay of Asp92His/Met144Leu, an incubation time of 30 minutes was 
required to accurately determine the number of J.1moles of nitrite reduced as 
opposed to 5 minutes incubation for the other mutants. The significance of these 
results is rationalised in chapters 5 and 6 where the structure determinations of 
these mutants are presented. 
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4.4 - RC site-directed mutagenesis 
4.4.1 - PCR 
The gene sequence of RC (Hall et aI., 1996) (figure 4.13) was used to design 
oligonucleotides (figure 4.14a) to introduce the Pr09SLys and Pr0104Asn 
mutations. The NiR site-directed mutagenesis (section 4.3.1) was performed 
using a QuikChange kit, which utilised 2 primers with Pfu DNA polymerase 
followed by dpn1 digestion. 
In the case of RC, the method of Higuchi et al. (Higuchi et aI., 1988) was used to 
introduce the mutations in two separate reactions. The PLAC1 and PED2 primer 
sites are located on one side of the RC gene and the PED1 and TPT7 sites on 
the other side. Mutations are introduced by synthesizing two strands from 
overlapping primers containing the mutation and the S' and 3' primers. These two 
halves are then used as targets with either PED1 and PED2 or PLAC1 and TPT7 
to complete the entire gene that now features the mutation. This is summarised 
in figure 4.14b, which illustrates the location of the RC gene with respect to the 
primers. 
In the first round of PCR, 2JlI of target DNA (designated pROC, (Hall et aI., 
1996)) was used with 2~ of the primer (2.SJlmoles) required in that reaction. For 
example, in one reaction, the Pr09SLys1 primer was used with PED1 and for the 
Pro9SLys2 primer, PED2 was used. Additionally, TPT7 was used with Pr09SLys1 
primer and PLAC1 with Pr09SLys2. Each reaction mixture contained 2,.11 of dNTP 
mix, 2,.11 of MgCI2 and 20JlI of water. Finally, 1 JlI of Taq polymerase (1:S dilution 
from the manufacturer) was added to initiate the reaction. These reaction 
conditions were repeated using the Pr0104Asn primers in the same way. PCR 
was performed in a BIORAD gene cycler using a thermal cycling program of 
90°C for 1 minute, SO°C for 30 seconds and 6SoC for 30 seconds. A maximum of 
40 cycles were performed in total. The resulting PCR products were loaded onto 
a 1 % agarose gel submerged in TPE buffer with 2.S,.1I of ethidium bromide to 
visualize the bands (figure 4.1S). 
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GGTACATTGGATACTACATGGAAAGAGGCGACGCTTCCCCAAGTAAAGGCCATGTTGGAGAAAGACACCG 70 
Gly Thr Leu Asp Thr Thr Trp Lys Glu Ala Thr Leu Pro Gin Val Lys Ala Met Leu Glu Lys Asp Thr Gly 24 
GGAAAGTCAGTGGTGACACTGTTACCTACAGTGGCAAGACTGTACATGTGGTCGCGGCGGCCGTGCTCCC 140 
Lys Val Ser Gly Asp Thr Val Thr Tyr Ser Gly Lys Thr Val His Val Val Ala Ala Ala Val Leu Pro 47 
GGGATTTCCATTTCCGAGTTTTGAAGTTCATGACAAAAAGAACCCGACCTTGGAGATTCCCGCGGGGGCA210 
Gly Phe Pro Phe Pro Ser Phe Glu Val His Asp Lys Lys Asn Pro Thr Leu Glu I1e Pro Ala Gly Ala 70 
ACGGTGGACGTGACCTTCATTAACACCAACAAGGGATTCGGTCATAGTTTTGACATCACCAAAAAAGGAC 280 
Thr Val Asp Val Thr Phe lie Asn Thr A n Lys Gly Phe Gly His Ser Phe Asp I1e Thr Lys Lys Gly Pro 94 
CTCCTTATGCGGTTATGCCGGTGATCGACCCCATTGTTGCAGGAACAGGATTCAGTCCGGTCCCAAAAGA 350 
Pro Tyr Ala Val Met Pro Val I1e Asp Pro fie Val Ala Gly Thr Gly Phe Ser Pro Val Pro Lys Asp 117 
TGGCAAGTTCGGATATACGGATTTTACCTGGCATCCGACGGCGGGCACTTACTACTACGTATGTCAGATA 420 
Gly Lys Phe Gly Tyr Thr Asp Phe Thr Trp His Pro Thr Ala Gly Thr Tyr Tyr Tyr Val Cys GIn I1e 140 
CCGGGGCATGCCGCCACCGGTATGTTCGGCAAGATCGTTGTTAAG 465 
Pro Gly His Ala Ala Thr Gly Met Phe Gly Lys I1e Val Val Lys 154 
Figure 4.13 - The nucleotide sequence encoding the RC gene where the 
deduced amino acid sequence is shown below the nucleotide sequence. The 
bases required for change are coloured in red. 
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5' 
Pro95Lys-1 5' -GGACCT AAATATGCGGTTATG-3' 
Pro95Lys-2 5'-CGCATATTTAGGTCC I I II I TGG-3' 
Pr0104Lys-1 5' -ATCGACAA CA TTGTTGCAGGA-3' 
Pro104Lys-2 5' -AACAATGTTGTCGATCACCGG-3' 
(a) 
PLAC1 
pET28d plasmid ............... (GTGAGCGGAT AACAA TTCCC) CTCTAGAAAT AATT(TTG 
PED2 Ncol 
TTTAACTTT AAGMGGA)GATA TT ACCATGGGTRUSTICY A IN-GENE ..... ...... . 
BamHI PED1 TPT7 
ATCCGA(A TTCGAGCTCCGTCGA) ....... TGCC(ACCGCTGAGCAAT AACT AGCA) ...... . 
....... pET28d plasmid .. 3' 
(b) 
Figure 4.14 - (a) The oligonucleotides (Pr095Lys and Pr0104Asn) used in 
introducing the mutations. The bases coloured in red relate to the gene sequence 
in figure 4.13 which show where the mutations are to be introduced. (b) The 4 
primers (two either side of the RC gene) are shown in colour and are used in 
conjunction with the synthetic primers in (a) (section 4.4.1). 
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LANE 1 2 3 4 5 6 7 8 9 
Figure 4.15 - Products from the first round of PCR. Lane 1 - Pro95Lys1 IPED1 , 
Lane 2 - Pro95Lys2lPED2, Lane 3 - Pro104Asn1fTPT7, Lane 4 
Pro1 04Asn2lPLAC1, Lane 5 - Pro95Lys1fTPT7, Lane 6 - Pro95Lys2lPLAC1, 
Lane 7 - Pro1 04Asn1/PED1, Lane 8 - Pro104Asn2lPED2, Lane 9 - Control 
(pROC). 
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The products loaded onto the gel were excised and purified using a gel extraction 
kit (Qiagen) following the instructions of the manufacturer. Following the 
purification of these products, they were used in a second round of PCR using 
similar volumes to complete the entire gene. 
4.4.2 - Ligation, transformation and DNA sequencing 
The full-length gene was then ligated into the PGEMT vector (Promega) following 
the instructions of the manufacturer. Briefly, 10111 of DNA was added to 10111 of 
reaction buffer, 1 III ligase and 1 III of the vector. This was incubated at room 
temperature. The E coli strain XL-2 blue (Stratagene) was used in 
transformation. 100ml of LB with 200111 tetracycline added was prepared and 1 III 
of XL-2 cells were added to the media and incubated with gentle shaking at 
37°C. Once the XL-2 cells had reached an 00 of - 0.6 these were prepared by 
centrifugation for 1 minute at 7500 x G and resuspended in ice-cold water and 
ultimately 10% glycerol. Transformation into XL-2 cells was achieved using 
electroporation using 10111 of DNA for 4ms (150m V). The results of the 
transformations were assessed by the growth of colonies using 'blue/white 
selection'. When Ecoli are grown on LB containing X-gal and IPTG, cleavage of 
the X-gal by ~-galactosidase produces an insoluble blue product. Thus, colonies 
that do not have the DNA insert in the polylinker are blue. Conversely, colonies 
that do have the insert in the polylinker shift or terminate the lacZ reading frame 
so that ~-galactosidase is not produced resulting in colourless or white colonies. 
Following the identification of white colonies (where the insert is present), 
overnight cultures were grown and then the plasm ids purified using a plasmid 
purification wizard (PROMEGA) following the instructions of the manufacturer. 
The quality of the DNA is sufficient to allow the direct sequencing of gene. 
Sequencing was carried out at the Department of Biochemistry; Oxford University 
and the results of the sequence around the intended mutation sites of Pr095Lys 
and Pr0104Asn are shown in figure 4.16. 
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Figure 4.16 - Results of the sequencing of (a) Pro95Lys and (b) Pro104Asn. The 
corresponding 5'-3' oligonucleotide is also shown above to confirm that the 
mutation is introduced at the correct point. 
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4.4.3 - Transformation into BL21 for over-expression 
The results of the sequencing showed the mutations had been introduced at the 
correct pOints and the E. coli strain BL21 (DE3) were used for trials of over-
expression of mutant protein. Prior to this, colonies were picked to produce more 
of the plasmid containing the gene, which was then excised from its current 
plasmid via the use of the restriction enzymes BamHI and Ncol and ligated into 
the pET21 d (Novagen) expression vector. The plasmid map for pET21 d is 
essentially the same as that shown figure 4.3 with the exception of a few base 
pair shifts for restriction sites and an Ncol site. Transformations were then 
performed in the same way (section 4.4.2) using BL21 (DE3). The ability to 
express the rusticyanin mutant protein from the pET21 d plasmid in BL21 (DE3) 
was checked by induction with IPTG, which then allowed a larger scale 
preparation in 500ml cultures that were harvested after 5-6h at 3TC and stored 
in 10mM H2S04 or acetate buffer at pH4.0 
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Chapter 5 - The crystal structures of Trp138His, His313Gln and substrate-
bound His313Gln NiR: Insights into substrate binding and the nature of 
redox partner interactions 
5.1 -Introduction 
This chapter presents the crystal structures of Trp138His, His313Gln and 
substrate-bound His313Gln NiR (referred to from hereon in as His313Gln_N02"). 
This is the first time a substrate-bound structure of AxNiR has been determined 
to a high resolution (1.72 A). Along with Glu133, His313 is one of the residues at 
the opening of a hydrophobic pocket (Dodd et aL, 1998), which is thought to be 
the channel through which the substrate nitrite reaches the T2Cu site. This His is 
conserved amongst blue and green CuNiRs except in the blue PaNiR where a 
Gin is in this position. The role of His313 in substrate guidance is examined via 
point mutation to a Gin to be like that in PaNiR and this structure has been 
determined to 1.65 A. From previous observations of polyethylene glycol (PEG) 
blocking the hydrophobic pocket by predominantly bonding to His313 (Ellis et aL, 
2003) it is thought that a change of His313 to a Gin in the protein may prevent 
the blockage of the substrate entry. 
Previous electron donation studies (Murphy et aL, 2002) have demonstrated that 
there are a number of key features involved in the protein-protein interaction of 
CuNiRs with their respective physiological electron donors. In order to elucidate 
the nature of these interactions in AxNiR, a point mutation of Trp138 (the residue 
adjacent to the Type I Cu ligand His139) to His138 has been produced to 
examine the protein's ability to reduce nitrite using both an artificial donor and the 
physiological electron donor azurin. The structure of Trp138His NiR has been 
determined to 1 .60 A resolution. 
The structural implications of the mutations are examined in this chapter with 
respect to their biochemical and functional characterisation, described in chapter 
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4. Briefly, both Trp138His and His313Gln exhibit near native NiR activity using 
methyl viologen as the electron donor whereas there is a significant decrease in 
enzymatic activity of Trp138His when azurin I is used as the electron donor. 
The data collection, structure solution and refinement protocols for the three 
structures are similar and they have been described in parallel. 
5.2 - Protein crystallisation 
The set of conditions that yielded atomic-resolution diffraction quality crystals of 
wild-type NiR (Ellis et aI., 2003) were used as a starting point for protein 
crystallisation. Crystals of Trp138His NiR were grown by the hanging-drop 
vapour diffusion method at 21 0 C. 2J.11 of 8mg mr1 protein in 10 mM Tris-HCI pH 
7.1 was mixed with an equal volume of reservoir solution consisting of 25% PEG-
MME 550, 10 mM zinc sulphate 0.1 M MES pH 6.5 and suspended over a 500 /.11 
reservoir. A concentration of around 20-25% of PEG-MME 550 produced crystals 
in conjunction with zinc sulphate whereas no crystals grew using 10mM copper 
sulphate or a higher PEG-MME 550 concentration. When the reservoir solution 
was prepared, a white precipitate formed immediately upon the addition of zinc 
sulphate and this was allowed to settle over night prior to dispensing the 
reservoir solution into the well of the Linbro plate. Crystals of Trp138His of 
approximate dimensions 0.9 x 0.6 x 0.1 mm (figure 5.1) with a rhombohedral 
morphology grew within two days. 
The conditions described above were used to grow crystals of both His313Gln 
and His313Gln_N02- NiR with a similar size and morphology to those of 
Trp138His NiR (figure 5.1) For His313Gln_N02-, 10mM sodium nitrite was added 
to the reservoir solution prior to crystallisation. 
5.3 - Data collection and data reduction for Trp138Hls 
A single, blue crystal of Trp138His was transferred from its drop using a cryo-
loop and then flash-cooled to 100 K in a nitrogen cryo-stream. Prior to this a 
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Figure 5.1 - An image of a crystal of Trp138His NiR. The arrow indicates which 
one was chosen for data collection. 
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preliminary inspection of a diffraction image using a different crystal revealed that 
no cryo-protectant was required for a data collection. Data were collected from a 
single crystal using a ADSC Quantum-4 CCD detector on station 14.1 at the 
SRS, Daresbury Laboratory using an X-ray wavelength of 1.48 A. This 
wavelength was not tunable and thus the detector to crystal distance was set to 
the shortest distance of 70mm to maximize the resolution. A total of 100 images 
were collected using an oscillation range of 1 ° and an X-ray exposure time of 30 
seconds. The chosen parameters for data collection were determined by using 
the 'simulate run' option implemented in the program HKL2000 on a processed, 
single diffraction image. The crystal orientation was determined using the auto-
indexing facility implemented in HKL2000 and the data were scaled and merged 
using the same program. The unit cell was determined to be a = b = 89.8 A, c = 
143.5 A, (l = ~ = 90°, 'Y = 120° in space group H3. A total of 279010 reflections 
were recorded with 56925 unique reflections. A high-resolution limit was set on 
the basis that the data were 95.6% complete in total with an outermost resolution 
shell completeness of 80.7 % (1.65 -1.60 A) and an I/a(l) of 2.4 for the outermost 
resolution shell (see table 5.1, part A). The overall B-factor was estimated to be 
19.6 A2 via a Wilson plot (Wilson, 1949), figure 5.2. 
5.3.1 - Data collection and data reduction for HIs313Gln 
A single, blue crystal of His313Gln NiR was also transferred from its drop using a 
cryo-Ioop and then flash-cooled to 100 K in a nitrogen cryo-stream in the same 
way. Data for His313Gln were collected using an ADSC Quantum-4 CCD 
detector on station 14.1 at the SRS, Daresbury Laboratory using an X-ray 
wavelength of 1.48 A. The crystal to detector distance was set to 70mm. A total 
of 100 images were collected using an oscillation range of 1 ° and an X-ray 
exposure time of 30 seconds. The unit cell was determined to be a = b = 90.2 A, 
c = 143.7 A, (l = ~ = 90°, 'Y = 120° in space group H3 using the HKL2000 
program. A total of 349205 reflections were recorded with 51930 unique 
reflections. The data were 98.5% complete in total with an outermost resolution 
shell completeness of 97.2 % (1.65 -1.60 A) and an I/a(l) of 2.3 for the outermost 
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resolution shell. Data collection statistics are also summarised in table 5.1, part 
A. The overall B-factor was estimated to be 19.0 A2 via a Wilson plot. 
5.3.2 - Data collection and data reduction for His313Gln_N02" 
A crystal of His313Gln_N02" was transferred and cryo-cooled as described 
previously. Data were collected from a single crystal using a Mar CCD detector 
on station 9.6 at the SRS, Daresbury Laboratory. The unit cell was determined to 
be a = b = 89.6 A, c = 143.6 A, a. = ~ = 90°, Y= 120° in space group H3. A total of 
312543 reflections were recorded with 44676 unique reflections. The data were 
97.5% complete in total with an outermost resolution shell completeness of 98.4 
% (1.75 -1.72 A) and an l/a(l} of 3.0 for the outermost resolution shell. The data 
processing statistics are also summarised in table 5.1, part A. The overall B-
factor was estimated to be 18.8 A2 via a Wilson plot from TRUNCATE (CCP4, 
1994). 
5.4 - Solvent content 
The contents of the asymmetric unit of the mutants were determined via 
calculation of the Matthews co-efficient. This parameter is based on the 
observation that, for most protein crystals, the ratio (Vm) between the unit cell 
volume and protein molecular weight is approximately 2.15 A3/Da (Matthews, 
1968). 
Vm = Vcsll 
IVM, 
N is the number of molecules per asymmetric unit, Mr is the molecular weight of 
the protein and Vcell is the volume of the unit cell. The molecular weight of NiR 
was assumed to be 36.5 kOa for one monomer. The solvent content can be 
calculated via: 
Solvent content (%) = 100(1 - 1.23} 
Vm 
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Figure 5.2 - Example of a Wilson plot of Trp138His NiR. 
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Trp138His His313Gln His313Gln_N02-
A. Data Quality 
Space group H3 H3 H3 . 
Resolution (A) 1.60 1.65 1.72 . 
Unit cell (A) a=b=89.8, c=143.5 a=b=90.2, c=143.7 a=b=89.6, c=143.6 
Observed reflections 279010 349205 312543 
Unique reflections 56925 51930 44676 
Completeness (%) 95.6 (80.7) 98.5(97.2) 97.5 (98.4) 
Rmerge(%) 4.5 (42.7) 9.2 (36.6) 9.1(41.6) 
Vcr(l) 22.4 (2.4) 8.5 (2.3) 8.7 (3.0) 
Rwork(%) 16.5 16.5 18.0 
Rfree(%) 19.2 19.3 21.0 
B. Model Quality 
B-factors: 
Wilson(A2) 19.6 19.0 18.8 
Protein(A2) 21.8 19.3 22.3 
Water(A2) 34.5 28.2 31.4 
ESU 0.07 0.07 0.09 
B-factor ESU based on ML 1.32 1.43 1.87 
RMS deviations: 
Bond distances (A) 0.014 0.014 0.012 
Bond angles e) 1.49 1.54 1.44 
Ramachandran plot (non-
Gly,non-Pro) (%) 
Residues in most favoured 88.4 88.4 90.1 
Residues in additionally 11.2 11.2 9.5 
allowed 
Residues generously allowed 0.4 0.4 0.4 
PDB entry code XXX XXX XXX 
Table 5.1 - Summary of data reduction statistics (Part A) for the NiR mutants. 
The parameters in part B refer to the refinement and validation of the structures, 
which is discussed in, section 5.6. 
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The calculation was carried out using CCP4 (CCP4, 1994). By using one 
molecule in the asymmetric unit the Matthews co-efficient was calculated to be 
3.05 A3 and the solvent content calculated to be 59.4% for Trp138His, His313Gln 
and His313Gln_N02-. 
5.5 - Structure solution 
The structures of Trp138His and H313Gln NiR were solved using the molecular 
replacement method implemented in AMoRe (Navaza, 1994). The search model 
was the 1.04 A crystal structure of wild-type NiR {Ellis et aI., 2003} using all 
amino-acid residues and active site metals. All solvent molecules and additional 
hetero-groups such as PEG were removed. The B-factor was set to 19.6 A2 for 
Trp138His NiR and 19.0 A2 for His313Gln NiR. 
5.5.1 - The rotation function 
All reflection data in the range 69.0 to 1.60 A (Trp138His NiR) and 69.0 to 1.65 
(His313Gln NiR) were sorted for input into AMoRe. Reflections in the range 8 to 
3 A were used to calculate the rotation function and the model structure factors 
were calculated in a cubic cell of edge dimensions 100 A. The integration sphere 
radius was set to 25 A with Bessel functions (a mathematical construct used in 
the generation of spherical harmonics) in the orders of 6 to 126 were used. No 
sharpening was applied to the data and a cut-off excluding structure factors of 
amplitude between 10 and 107 was applied to the structure factors. 
The rotation function for Trp138His NiR yielded only one peak at Eulerian angles 
of a = 77.92°, ~ = 84.69°, Y = 255.51 with an associated correlation coefficient of 
30.2%. The rotation function for His313Gln yielded 3 solutions where the top 
peak had Euler angles of a = 42.50°, ~ = 95.70°, Y = 75.64 and a correlation 
coefficient of 27.9%. The next highest peak was at Euler angles of a = 92.98°, ~ 
= 94.42°, Y = 344.22° and had an inferior correlation coefficient of 14.8%. The top 
solution was used in the translation function. 
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5.5.2 - The translation function 
The solution from the rotation function was input into AMoRe for use in the 
Crowther-Blow translation function (Crowther & Blow, 1967) using data in the 
range of 8 to 3 A. For Trp138His NiR one clear solution was found with 
translational vectors Tx = 0.8698, Ty = 0.5208 and Tz = 0.000. The correlation 
coefficient and R-factor associated with this positioning were 67.4% and 36.1% 
respectively. 
The translation function for His313Gln also produced only one solution with 
identical translational vectors of Tx = 0.8542, Ty = 0.5365 and Tz = 0.000. The 
correlation coefficient and R-factor associated with this position were moderately 
better at 67.2% and 34.6% respectively. 
5.5.3 - Rigid body fitting 
The translation function solution of Trp138His NiR was refined using the rigid-
body fitting feature of AMoRe. Ten cycles of refinement were performed using 
data in the range of 8 to 3 A. The correlation coefficient and R-factor were 
improved to 75.0% and 33.1 % respectively. The final solution was at Euler 
angles a = 77.77°, ~ = 84.52°, 'Y = 255.57 and at translation vectors of Tx = 
0.8680, Ty = 0.5208 and Tz = 0.000. The model from the minimal box was 
rotated and translated to these positions using PDBSET (CCP4, 1994) and used 
for model building. 
Refining the translation solution of His313Gln NiR in the same way improved the 
correlation coefficient to 78.1.0% and the R-factor to 29.3%. The final solution 
was at Euler angles a = 42.53°, ~ = 95.45°, 'Y = 75.55 and at translation vectors of 
Tx = 0.8573, Ty = 0.5365 and Tz = 0.000. PDBSET was used in the same way to 
prepare the model for refinement. Molecular replacement results for both mutants 
are summarised in table 5.2. 
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For the His313Gln_NO£ structure, the solution was achieved using rigid body 
refinement, which is discussed in the next section. 
5.6 - Structure refinement and model building of Trp138HIs NiR 
The structure was refined using the maximum-likelihood method with a bulk 
solvent correction as implemented in REFMAC5 (Murshudov et aI., 1997) and 
rebuilt interactively using '0' (Jones et aI., 1991). Both programs were 
implemented on a Silicon Graphics Origin II machine. A 2 A 2Fo-Fc and Fo-Fc 
electron density map were generated using CCP4 (CCP4, 1994). Prior to any 
refinement the model was briefly inspected in '0' and residue Trp138 was 
truncated to an Ala. Additionally, residue 1 was changed to Gin (as derived from 
the gene sequence of native NiR) since the 1.04 A wild type structure used in 
molecular replacement had a pyroglutamic acid modelled in at this position. 5% 
of the reflections were set aside for calculation of the cross-validation free R-
factor (Brunger, 1992). The model was initially subjected to positional and 
individual isotropic temperature factor refinement using data in the range of 69.0 
to 2.0 A. For this refinement run the data to restraints weighting was set to 0.1 
(using the 'weight matrix' command line option in REFMAC5) and the RMS 
deviations of bond lengths and angles monitored. The resulting RMS deviation of 
bond lengths was 0.015 A. The resulting drop in R-factor and free R-factor was 
also monitored and it was deemed that the data to restraints weighting was 
adequate for subsequent refinement. During the refinement protocol no restraints 
were applied to the metal-ligand bond distances or angles so that any metal-
ligand distances or angles were determined solely from the X-ray data. The 
program ARP/wARP (Lamzin, 1993) was used in conjunction with REFMAC5 to 
identify potential solvent molecule peaks in the Fo-Fc difference density map. 
Typically in every refinement 'cycle' 10 cycles of REMAC5 were performed with 2 
cycles of ARP/wARP. 
The inclusion of 25 solvent molecules to the model yielded an R-factor of 23.3% 
(free R-factor = 26.5%). The fit of the model to the electron density was then 
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Operation Trp138His NiR His313Gln NiR 
Rotation function 
77.92,84.69,255.51 42.50, 95.70, 75.64 
<x, ~,y (0) 
Translation function 
0.8698, 0.5208,0.000 0.8542, 0.5365, 0.000 
Tx, Ty, Tz 
Refined Euler angles 
77.77, 84.52,255.57 42.53, 95.45, 75.55 
<x, ~,y (0) 
Refined Displacements 
0.8680, 0.5208, 0.000 0.8573, 0.5365, 0.000 
Tx, Ty, Tz 
Table 5.2 - Summary of the molecular replacement results of Trp138His and 
His313Gln NiR 
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examined closely in '0' via a 2Fo-Fc and Fo-Fc map contoured at 1a. Side 
chains that deviated significantly from the density were adjusted accordingly 
using the 'torsion' command in '0'. Angles and bond distances were then 
adjusted to 'normal' values using the 'refLgen' command. Following this model 
adjustment more data were added by increasing the resolution to 1.60 A during 
refinement whilst simultaneously adding solvent molecules via ARP/wARP. 
Model stereochemistry was monitored using PROCHECK (Laskowski et aI., 
1993) and WHATIF (Vriend, 1990) throughout the refinement so that after the 
inclusion of more data, the weighting of restraints could be adjusted accordingly. 
Subsequently, the weight matrix was increased to 0.15 to account for the extra 
data. The addition of a further 100 solvent molecules to the model resulted in an 
R-factor of 21.3 (free R-factor = 23.3%). The inclusion of the extra data meant 
that the alternate positions of disordered side-chains could now be observed and 
these were added where appropriate. At this stage, the difference density around 
residue 138 suggested an amino acid side chain smaller than a Trp so a His side 
chain was then built in at this position. Residues 1 and 336 (the Nand C-termini) 
were poorly defined in the electron density and so were set to zero occupancy. 
Likewise, any side-chains atoms that were not visible were also assigned an 
occupancy of zero. This was most evident with some Lys residues. Additionally, 
a very large peak (> 10a) was visible in the Fo-Fc map in the vicinity of His165. 
Previous AxNiR structures (Ellis et aI., 2002) had revealed the presence of a Zn 
atom in this position. Since the crystal growth medium contained 10mM ZnS04, 
this was strongly suggestive of a Zn atom also being present in this structure too. 
This was modelled and together with the addition of 50 solvent molecules 
reduced the R-factor to 19.8% (free R-factor = 21.8%). Iterative cycles of model 
adjustment and solvent additions followed producing a model that contained 413 
solvent molecules with a corresponding R-factor of 16.8% (free R-factor = 
19.5%). The close proximity of the R-factor and free R-factor throughout the 
refinement indicate that this approach was justified. In addition to the solvent 
molecules, several hetero-groups were added to the model. The hetero-
compounds MES and Polyethylene Glycol (tetraethylene glycol, i.e. 4 repeating 
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units} were added to the model on the basis of the shape and difference density 
peaks in the 2Fo-Fc and Fo-Fc density maps. The appropriate '0' torsion and 
database parameters were obtained from the Uppsala HIC-UP database 
(http://xray.bmc.uu.se/hicup). The addition of these reduced the R-factor further 
to 16.5% (free R-factor = 19.2%). Following the refinement of these hetero-
groups their stereochemistry was checked against small molecule data for bond 
lengths and angles. A final check of the model followed and once the structure 
was deemed to be complete a final round of refinement was to include the data 
used in the cross-validation via the removal of the R-free flags. The final R-factor 
of the model was 16.5%. The progress of refinement is summarised in table 5.3a. 
5.6.1 - Structure refinement and model building of His313Gln and 
His313Gln_N02- NIR 
The structures of His313Gln and His313Gln_N02· NiR were refined using a 
similar protocol to that of Trp138His NiR, using the maximum-likelihood method 
as implemented in REFMAC5 in conjunction with ARP/wARP for solvent 
molecule additions. The final model of His313Gln included 352 solvent molecules 
and yielded an R-factor of 16.5% (free R-factor = 19.1 %). A final round of 
refinement was to include the data used in the cross-validation via the removal of 
the R-free flags. The final R-factor of the model was 16.6%. The progress of the 
refinement is summarised in table 5.3b. 
Rigid body fitting of His313Gln_N02· produced an R-factor of 28.9% and 
maximum-likelihood refinement using data in the range of 69.0 to 2.0 A together 
with the addition of 25 solvent molecules lowered the R-factor to 24.0% (free R-
factor = 25.4%). The nitrite molecule was built into clear electron density 
following examination of the electron density maps after refinement in the range 
of 69.0 to 1.72 A. No restraints were applied to the metal-ligand bond distances, 
which included the nitrite molecule. Iterative cycles of model adjustment with 
solvent additions yielded a model containing 330 solvent molecules with an R-
factor of 17.9% (free R-factor = 21.0%). The removal of the R-free flags yielded a 
101 
Chapter 5 - The crvstalstructures of Trp138His and His313Gln NiR 
final R-factor of 18.0%. The progress of the refinement is summarised in table 
5.3c. 
5.7 - Quality assessment of the structures 
The quality of the models was evaluated using PROCHECK and additional 
parameters derived from the REFMAC5 output files. For Trp138His and 
His313Gln NiR 88.4% of the residues occupied the most favoured regions of a 
Ramachandran plot (Ramachandran et aI., 1963) (figure 5.3a and 5.3b), 11.2% 
in additionally allowed regions and 0.4% in generously allowed regions. The 
residue Gln24 was flagged as an outlier in both cases although inspection of this 
residue in '0' showed this to be fine with good stereochemistry and hydrogen 
bonding observed. 
For His313Gln_N02- NiR 90.1 % of the residues occupied the most favoured 
regions of a Ramachandran plot (figure 5.3c), 9.5% in additionally allowed 
regions and 0.4% in generously allowed regions, again the residue Gln24. The 
estimated standard uncertainty (ESU) (Cruickshank, 1996) as calculated in 
REFMAC5 was 0.07 A for Trp138His, 0.07 A for His313Gln and 0.09 A for 
His313Gln_N02-. This parameter measures the data-only contribution to the 
positional uncertainty of an atom with a B-factor equal to that of the Wilson B 
value for the whole molecule. The overall stereochemical G value was -0.01 for 
Trp138His, -0.01 for His313Gln and 0.00 for His313Gln_N02-. All other 
parameters measured by the program fell into the 'better' or 'inside' categories. 
The RMS deviations from ideal bond lengths and angles were 0.014 A and 1.490 
for Trp138His, 0.014 A and 1.54° for His313Gln and 0.012 A and 1.440 for 
His313Gln_N02- respectively. A summary of the quality indicators for the 
structures is given earlier in table 5.1, part B. 
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Cycle R-factor R-Free No.solvent 
number (%) (%) molecules Comments 
1 23.3 26.5 25 Post-MR Start refinement 2 A 
2 22.8 25.1 75 Extend resolution to 1.6 A 
3 21.3 23.3 125 Model rebuild, add Zn atom 
4 19.8 21.8 172 
5 19.1 21.0 223 
6 18.4 20.2 274 
7 18.0 20.0 322 
8 17.6 19.8 372 Added sulphate molecule 
9 17.0 19.5 372 
10 16.8 19.5 413 
11 16.7 19.4 413 Added PEG 
12 16.6 19.3 413 Added MES 
13 16.5 19.2 413 Removal 1 water, added 2 
14 16.5 N/A 415 R-free flags removed 
Cycle R-factor R-Free No.solvent 
number (%) (%) molecules Comments 
1 22.9 25.0 25 Post-MR Start refinement 2 A 
2 22.3 23.6 70 Extend resolution to 1.65 A 
3 21.3 22.9 115 
4 19.8 21.5 162 Major rebuild 
5 17.9 20.3 210 Zn atom added 
6 17.4 19.9 255 Sulphate molecule added 
7 16.9 19.6 303 Added MES 
8 16.6 19.5 353 
9 16.5 19.3 357 
10 16.5 19.1 352 Removed 5 waters 
11 16.6 N/A 352 R-free flags removed 
Table 5.3a - (upper panel), refinement progress of Trp138His and table 5.3b 
(lower panel), refinement progress of His313Gln. 
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Cycle R-factor R-Free No.solvent 
number (%) (%) molecules Comments 
1 28.9 35.2 0 Rigid body refinement in Refmac 
2 24.3 26.2 40 Refinement at 2 A 
3 24.0 25.4 115 Refinement at 1.72 A, nitrite built in 
4 21.6 23.1 140 Major rebuild 
5 20.7 22.4 180 
6 20.0 21.9 220 
7 19.7 21.8 280 
8 18.6 21.3 330 MES added 
9 18.2 21.3 330 
10 18.0 21.0 330 
11 18.0 N/A 330 R-free flags removed 
Table 5.3c - Progress of the refinement of His313Gln_N02-
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Figure 5.3 - The Ramachandran plots for (a) Trp138His (b) His313Gln and (c) 
His313Gln_NO£ NiR. Trp138His and His313Gln have 88.4% of residues in the 
most favoured region while 11.2% in the additionally allowed regions. 
His313Gln_N02- NiR has 90.1 % in the most favoured regions. All of the 
structures have 0.4% (a single residue, Gln24) in the generously allowed region. 
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5.8 - Discussion of the structures 
The structures of Trp138His, His313Gln and nitrite-bound His313Gln 
(His313Gln_N02-) have been refined to R-factors of 0.165, 0.165 and 0.180, 
respectively (Rfree 0.192, 0.193, 0.210). The H3 crystallographic asymmetric unit 
contains two monomers from different NiR trimers. The average residue B-factor 
for the monomers was 23.6,26.4 and 22.8 A2, respectively. Each structure has a 
number of hetero-atoms (sulphate and MES). Residues 1 and 336 were set to 
zero occupancy owing to lack of electron density, while residues 2 to 7 at the N-
termini have relatively high main-chain B-factors (> 45 A2) with a similar pattern 
observed at the C-termini. Quality indicators for the structures are given in table 
5.1 (b) (page 87). The mutants retain the typical trimeric structure observed in 
native AxNiR. A superposition of the Co. atoms of the structures with those of the 
native protein (Ellis et aI., 2003) shows an RMS deviation of 0.29 A for 
Trp138His, and 0.26 A for the His313Gln structures. Significant structural 
differences are generally limited to the immediate mutation sites and the N- and 
C-termini, which show a significant level of disorder (Figure 5.4). This disorder is 
typical of NiR structures determined in space group H3 (unpublished results). If 
residues 1-7 and 336 are omitted from the superposition, the RMS deviations in 
Co. positions are reduced to 0.22 and 0.25 A, respectively. The RMS difference in 
Ca. positions between His313Gln and His313Gln-N02- is just 0.10 A. For 
comparison, the ESU for the structures is 0.07-0.09 A (Table 5.1 (b)). 
5.8.1 - The Copper Sites and Water Networks 
A comparison of the T1Cu sites with that in native NiR (Ellis et aI., 2003) shows 
little change (Figure 5.5, Table 5.4). In all of the structures the temperature factor 
of the Cu ion is comparable to that of the surrounding ligands indicating that a full 
complement of Cu is present. Prior to crystal growth the 280:595nm absorption 
ratio was determined to be less than 10 for both Trp138His and His313Gln. Such 
a ratio is indicative of a full occupancy of the T1 Cu centre (R. Eady, personal 
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Figure 5.4 - Temperature factor plot of the Ca atoms of Trp138His (red), 
His313Gln (green) and His313Gln_N02- (blue)_ The Nand C-termini of all 
structures show evidence of disorder, which can be attributed to the crystal 
packing. 
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Atom 1 Atom 2 1.04A Trp138His His313Gln His313Gln_N02-
resolutiona (A) (A) (A) 
Native (A) 
T1 Cu His89 N& 2.02 2.10 2.10 2.11 
T1 Cu Cys130 S1 2.20 2.12 2.16 2.13 
T1 Cu His139 NO. 2.03 2.10 2.04 2.05 
T1 Cu Met144 So 2.45/4.26 2.63 2.60 2.56 
T2Cu His94 NE2 1.96 2.02 2.04 2.01 
T2Cu His129 NE2 2.00 2.02 1.99 2.05 
T2Cu His 8249 NE2 3.74 3.93 4.01 3.93 
T2Cu His 8300 NE2 2.00 2.08 2.07 2.13 
T2Cu Wat503 1.98 2.06 2.00 
Wat503- Asp92052 2.54 2.51 2.55 
Wat600 Asp92 0 01 2.88 2.72 2.89 2.80 
Asp92 0 02 N0202 2.71 
T2Cu N0201 2.42 
T2Cu N0202 1.86 
a. Ellis,etal.,2003 
Table 5.4 - Summary of Cu-ligand distances at T1 CU and T2Cu sites. 
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Figure 5.5 - Least squares superposition of the T1 Cu site of Trp138His (red), 
His313Gln (green) and His313Gln_N02' (blue) with the native protein (black) 
show little variation amongst all off the mutants in comparison to the native 
protein. 
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Communication). EPR data for both mutants (chapter 4) confirms that both a type 
1 and type 2 Cu centre are present. The superposition of the T1 Cu site in 
His313Gln and His313Gln_N02- shows that they are essentially identical. In the 
Trp138His structure a small rotation (-20°) of the imidazole ring of His139 is 
observed although the position of the Cu is unchanged. A comparison of the 
T2Cu sites in the mutant structures with that of native AxNlR shows that the 
position of the Cu ligands His129, His300 and Asp92 is unchanged in the 
mutants. A superposition of Trp138His and His313Gln with the native protein is 
shown in Figure 5.6 with bond distances shown in Table 5.4. There is, however, 
some change in the position of the Cu atom and water molecules as well as an 
increase of some 0.2 - 0.25 A in the HisB249-Cu bond length 1. This is due to a 
very small rotation in the imidazole ring of HisB249 relative to its position in 
native AxNiR. 
It has been previously proposed (Dodd et al., 1998), (Ellis et aI., 2002) that the 
protons required for the reduction of nitrite are delivered to the T2Cu site via a 
highly ordered water network. In addition a so-called 'secondary' water-network 
was proposed (Ellis et aI., 2001) although this was only observed in the 
structures determined at higher pH. In the structures presented here (determined 
at pH 6.5) both of these water networks are well defined and essentially 
unchanged from that present in native AxNiR. 
5.8.2 - The Trp138His mutation site 
The orientation of the side chain of His138 is such that its imidazole ring 
superimposes closely with the position of the 'first ring' of Trp138 in native 
AxNiR, Figure 5.7. In the Trp138His structure, an additional water molecule is 
present, H-bonded to His138. This water also makes a weak (3.5 A) bond with 
the N£1 atom of His139. The residues in the vicinity of His138 show little or no 
change in the mutant structure. The principal structural differences involve 
I The T2Cu ligand His249 originates in an adjacent monomer and is therefore 
referred to as HisB249. 
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Figure 5.6 - Least squares superposition of the T2Cu site of Trp138His (red) and 
His313Gln (green) with the native protein (black) shows the small changes in the 
position of the Cu atom and water molecules. 
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Glu 195 
Met1 35 
Figure 5.7 - Superposition of Trp138His with the native protein illustrating the 
local changes that have occurred to the mutation. The presence of a new water 
molecule bonding to His138 and the movement of Tyr197 are clear. 
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residues Tyr197 and Met 135. Tyr 197 shows both a lateral shift and slight 
rotation of its side chain in comparison with its position in native NiR. This results 
in a shift in the position of its oxygen atom of around 1.4 A relative to the native 
protein. The shift appears to be due to the removal of a close steric contact from 
the side chain of Trp138. Interestingly, in the docking model of AxNiR and azurin 
II, Tyr197 is one of the key residues involved in the intermolecular interface and 
was proposed to make a direct association with the azurin molecule. A change in 
the orientation and/or mobility of this residue might explain the reduced ability of 
this mutant to receive electrons from azurin in electron donation experiments. 
The flexible side chain of Met 135 occupies a different rotamer in the Trp138His 
mutant although it is not clear from the structure why this is the case. 
5.8.3 - The His313Gln mutation site and nitrite binding 
The so-called 'hydrophobic patch' on the surface of AxNiR has previously been 
suggested as the entry point through which nitrite reaches the T2Cu site. The 
crystal structure of Trp138His reveals that polyethylene glycol (PEG) is bound to 
His313 and is plugging the pocket in a manner similar to that seen in the native 
protein (Ellis et aI., 2003) (Figure 5.8). Previous nitrite-soaking experiments on 
native and mutant AxNiR using crystals grown in the presence of PEG as a 
precipitant have proved to be unsuccessful. This observation gave further 
support to the hypothesis that the hydrophobic pocket is in fact the route for 
nitrite to reach the T2Cu site. The His313Gln mutation eliminates this interaction 
with exogenous PEG, thus allowing substrate to enter. In this mutant, Gln3130E1 
forms a 2.95 A H-bond to the amide nitrogen of Gly233, while the NE1 atom of 
Gln313 is oriented towards the entry of the hydrophobic patch. This new H-bond 
interaction forces the short loop region between residues 221 and 226 to adopt a 
new conformation (Figure 5.9). 
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His313 
Figure 5.8 - View of hydrophobic pocket in Trp138His illustrating the 2Fo-Fc 
electron density contoured at 1 cr for the PEG molecule, which plugs the opening 
of the pocket by hydrogen bonding to His313. 
114 
Chapter 5 - The crystal structures of Trp138His and His313Gln NiR 




Figure 5.9 - Superposition of His313Gln with the native protein illustrating the 
changes at the mutation site. The opening to the hydrophobic pocket is 
maintained with the only discernible changes occurring in the position of the 
backbone of residues 222-226. 
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2Fo-Fc electron density maps contoured at 10 for the T2Cu sites in His313Gln 
and His313Gln_NO£ are shown in Figures 5.10 and 5.11. In His313Gln the 
ligating type 2 water molecule is clearly evident in the electron density with a 
uniform shape indicative of a well-ordered water molecule. This is reflected in the 
B-factor of the water at 21.1 A2. In contrast the elongated electron density shown 
in figure 5.11 indicates that a tri-atomic molecule, consistent with a nitrite 
molecule is bound at the T2Cu site in this structure. Additionally, a Fo-Fc omit 
map of the nitrite molecule contoured at 40 is shown in figure 5.12. On the basis 
of the B-factors of its ligating atoms, the nitrite occupancy was estimated at 0.5. 
The nitrite molecule binds in an oxy-coordinate fashion to the Cu in an 
asymmetric bidentate manner with oxygen-Cu distances of 1.86 A and 2.42 A for 
nitrite 01 and 02, respectively. The electron density is better defined around 01 
of the nitrite, which is hydrogen-bonded to Asp92052 at 2.71 A and to His94NE1 at 
2.70 A. The 02 atom of nitrite forms H-bonds to both HisB300 at 2.42 A and 
HisB249 at 2.82 A. A superposition of His313Gln_N02- with His313Gln is shown 
in figure 5.13. Both His94 and HisB249 show small shifts in their orientations on 
nitrite binding. The position of the nitrite 01 is shifted by around 0.5 A in 
comparison with the ligating water molecule in native NiR. 
5.8.4 - Nitrite binding in CuNiRs 
Nitrite binding to AxNiR has previously been observed in a crystal structure at 2.8 
A resolution (Dodd et al1997 - POB 1 NOS). In that structure the nitrite molecule 
was bound in a bidentate manner with the Cu-to-nitrite oxygen distances being -
1.7 and 2.4 A. In the present structure of His313Gln_N02-, the binding may also 
be described as asymmetric bidentate, with Cu to 0 distances of 1.9 and 2.4 A 
but the orientation of the nitrite molecule is different to that in 1 NOS. In fact, it is 
closer to the orientation observed for nitrite in the crystal structure of the green 
NiR, AfNiR (Figure 5.14) determined at 2.0 A resolution (Murphy, et aI., 1997) -
POB 1AS6). Earlier EXAFS data for AxNiR was found to be consistent with an 
asymmetric bidentate mode of binding and yielded distances of 1 .94 and 2.32 A 
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T2Cu 
His94 e Wat503 
Wat600 
Figure 5.10 - 2Fo-Fc electron density contoured at 1 (J showing the ordered water 
molecule ligating the T2 Cu site in His313Gln. Density for the other water that 
ligates the Asp 92 side-chain is shown for comparison. The ligand HisB249 has 
been omitted for clarity. 
117 
Chapter 5 - The crystal structures of Trp138His and His313Gln NiR 
His94 
Wat600 
Figure 5.11 - 2Fo-Fc electron density contoured at 1 (j for the T2Cu site of 
His313Gln_NO£. The difference in the shape and distribution of the 1 (j density 
contoured around the nitrite molecule in comparison to that shown in figure 5.10 
is clear. HisB249 has also been omitted for clarity. 
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Figure 5.12 - Stereo representation of a Fo-Fc omit map of the nitrite molecule 
contoured at 4cr. 
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His 8249 Wat 
Figure 5.13 - Superposition of the His313Gln_N02- structure (blue) with the 
His313Gln structure (red). The 01 atom of the nitrite is shifted some 0.5 A in 
comparison to the water ligating the Cu in the native protein. The largest 
rearrangement in Cu geometry is the rotation of the ring of HisB249. 
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for the nitrite oxygens to Cu. The close similarity of the nitrite-binding mode in the 
native green AfNiR and the blue AxNiR mutant of His313Gln_N02-, together with 
the EXAFS data for the nitrite-bound native AxNiR, strongly supports the view 
that this is the primary mode of substrate binding in CuNiRs. The different 
orientation of nitrite in the 1 NOS may be attributed to the limited resolution (2.8 
A) of that structure. 
5.8.5 - Enzymatic activity measurements 
The catalytic activities of the Trp138His and His313Gln mutants were measured 
by two methods using either an artificial electron donor (reduced methyl 
viologen), or the phySiological electron donor to AxNiR, reduced azurin I from A. 
xylosoxidans. Fully Cu-Ioaded recombinant native AxNiR was used as a control. 
In the electron donation experiments, a 16-fold excess of reduced azurin lover 
the type I Cu centre of AxNiR was used. With the artificial electron donor, both 
Trp138His and His313Gln exhibited near-full activity of native NiR (260 J.1 moles 
of MV reoxidised min-1mg-1 of protein). In a second 'physiological' assay system, 
reduced azurin I was used as the electron donor. The activity for His313Gln was 
-80% of the activity observed for native NiR whereas the Trp138His mutant had 
a significantly reduced activity of -10% of that of the native AxNiR protein. The 
observation that both the T1 and T2 Cu sites are intact in Trp138His and that the 
activity using an artificial electron donor (which would not be limited by the need 
for protein-complex formation prior to electron transfer) was close to full activity, 
strongly suggests that the mutation of Trp138 to histidine has a significant effect 
on the complex formation with the physiological partner protein azurin I. Trp138 
along with Met87, Pr088 and Met135 sits at the top of a small depression in 
which the Cu ligand His139 resides. This arrangement of hydrophobic residues 
would thus appear to be the most probable docking surface for azurin for 
complex formation. In the case of the His313Gln mutant, residue Gln313 forms a 
hydrogen bond to Gly223, which causes the glutamine side chain to have a lower 
mobility than the histidine it replaces, as well as occupying a smaller volume. 
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Figure 5.14 - Superposition of His313Gln_N02- (blue) with the nitrite-bound 2.aA 
resolution structure ofAxNiR (black) and the nitrite-bound structure of AfNiR 
(green). 
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5.8.6 - Surface Zn binding sites 
Several Zn atoms are present in the crystal structures, bound to the enzyme 
surface. It has previously been suggested (Ellis et aI., 2002) that AxNiR is 
capable of scavenging any metals, most notably zinc, in the immediate 
environment to prevent them reaching the T2Cu site. In all of the structures 
presented here, a zinc atom (Zn503) bonded to the His-Asp motif, comprising 
residues His165 and Asp167, is observed. Asp195 from a symmetry-related 
molecule as well as a water molecule complete the Zn coordination. This Zn ion 
forms an interstitial bridge between adjacent NiR molecules and thus contributes 
to the stability of the crystal packing. Zn503 has been modeled with full 
occupancy in both of the His313Gln structures and with 0.75 occupancy in 
Trp138His. The Trp138His and His313Gln_N02- structures contain an additional 
zinc (Zn504) ion bonded to His8 and His70, respectively, in positions seen 
previously (Ellis et aI., 2002) although the occupancies of this Zn are lower at 
25% and 33%, respectively. 
5.8.7 - Concluding remarks 
The mutation of tryptophan 138 to histidine has little effect on the overall 
structure of nitrite reductase, with both Cu sites and the proton channels 
remaining intact. It is therefore intriguing to observe contrasting enzymatic 
activity results using an artificial (methyl viologen) donor and the physiological 
electron donor, azurin I. Our data suggest that the highly conserved Trp138, 
adjacent to the His139 Cu-ligand is a key residue in complex formation with the 
physiological redox partners. The mutation of His313 to Gin causes a change in 
the conformation of the loop region from Thr222 to Ala226 due to the hydrogen 
bonding of Gln313 to the backbone of Gly223. In addition, the His313Gln 
mutation has prevented the previously observed binding of PEG in a position to 
block the hydrophobic pocket, thus allowing entry of the substrate to the T2Cu 
centre, confirming that His313 is the port of substrate entry. Nitrite binds to Cu in 
an O-coordinate, asymmetric bidentate manner and is orientated such that the 
non-ligating HisB249 is in a position to anchor the substrate along with Asp92. 
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The mode of substrate binding at this reasonably high resolution of AxNiR is very 
similar to the green copper nitrite reductase AlNiR suggesting that this is the 
most common mode of substrate binding in copper nitrite reductases. 
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Chapter 6 - The crystal structure of Asp92His/Met144Leu NiR: studies on 
proton abstraction and structural relationships with ceruloplasmin. laccase 
and rusticyanin 
6.1 - Introduction 
This chapter describes the structure determination of the double 
Asp92His/Met144Leu NiR mutation. The role of Asp92 in CuNiRs has been 
studied by point mutation in a number of species (Boulanger, 2000); (Kataoka et 
aI., 2000); (Prudencio, 2001), all of which have reported a significant effect on the 
catalytic activity of the enzyme. A change from the Met axial ligand to a Leu has 
also been studied in several cupredoxins and generally results in an increased 
redox potential by - 100 mV. There is increasing evidence that the Cu centres in 
NiR act as a coupled potential, altering the redox potential of the type 1 Cu 
centre should have a significant effect on the internal transfer from the T1 Cu to 
the T2Cu centre. 
Studies from Kanbi et al. (Kanbi et aI., 2002) have demonstrated that rusticyanin 
(RC) (chapters 7 and 8) is in the same class as nitrite reductase (NiR) domain II, 
and ceruloplasmin domains II, IV and VI. In ceruloplasmin (CP) the mononuclear 
T1 Cu site in domain II features the usual His-Cys-His strong ligands with an 
axial Leu ligand (Zaitsev et aI., 1999); (Zaitseva et al., 1996). In addition to the 3 
mononuclear Cu sites found in CP, there is a trinuclear site composed of 1 T2Cu 
site and 2 T3Cu sites. The putative proton donor Asp92 (Dodd et aI., 1998); (Ellis 
et aI., 2003) found in NiR is in close vicinity to the T2 Cu site of CPo In addition to 
the Met144Leu mutation, the simultaneous change of Asp92 for a His also helps 
to mimic the Cu environment in CP to try and elucidate any structural similarities 
with CPo 
The observed albeit severely reduced activity of the Asp92His/Met144Leu is 
addressed in this chapter through the analysis of the crystal structure. 
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6.2 - Protein crystallisation 
Crystals of Asp92His/Met144Leu NiR were grown in the same way as the NiR 
crystals described in chapter 5 by the hanging-drop vapour diffusion method at 
21 0 C. 2J.L1 of 10mg mr1 protein in 10 mM Tris-HCI pH 7.1 was mixed with an 
equal volume of reservoir solution consisting of 25% PEG-MME 550, 10 mM Zinc 
sulphate, 0.1 M MES pH 6.5 and suspended over a 500 J.LI reservoir. The crystals 
grew to approximate dimensions of 0.7 x 0.5 x 0.1 mm within 3 days and were of 
the same morphology to those in chapter 5 although they were slightly less 
intense in blue colour (see chapter 4, section 4.3.6). 
6.3 - X-ray data collection and data reduction 
Since the data collection protocol for the other NiR crystals did not require a cryo-
protectant, a single crystal of Asp92HislMet144Leu NiR was transferred directly 
from its drop and flash frozen to 100K in a nitrogen cryo-stream. Data were 
collected using a ADSC Ouantum-4 CCD detector on station 14.1 at the SRS, 
Daresbury Laboratory using an X-ray wavelength of 1.48 A and a crystal to 
detector distance of 80mm. A total of 100 images were collected using an 
oscillation range of 10 and an X-ray exposure time of 30 seconds. The data were 
scaled and merged with HKL2000 and the unit cell was determined to be a = b = 
89.7 A, c = 144.1 A, a. = ~ = 900 , Y = 1200 in space group H3. A total of 243 776 
reflections were recorded with 50041 unique reflections. The data were 96.4% 
complete in total with an outermost resolution shell completeness of 76.2 % (1.70 
-1 .65 A) and an 1/0(1) of 2.2 for the outermost resolution shell. The overall B-
factor was estimated to be 22.2 A2 via a Wilson plot (Wilson, 1949), Figure 6.1. 
Data processing statistics are summarised in Table 6.1. 
6.4 - Solvent content 
With such similar unit cell dimensions to the NiR structures described in chapter 
5, the Matthews co-efficient and solvent content were expected to be similar. 
This was confirmed using the CCP4 suite (CCP4, 1994) where the Matthews co-
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l Id 0.00 0.17 0.35 0.52 0.70 
d 5.71 2.86 1.90 1.43 \305 
Figure 6.1 - The Wilson plot for Asp92His/Met144Leu NiR calculated in space 
group H3 as output from SFCHECK (CCP4, 1994). From the TRUNCATE output 
(CCP4, 1994), the best linear fit gives an overall 8-factor of 22.2 A2. 
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Resolution (A) 1.65 
No. of observed reflections 243776 
No. of unique reflections 50041 
Multiplicity 4.9 
R-merge (%) 6.0 (22.7) 
Completeness (%) 96.4 (76.2) 
1/0(1) 14.1 (2.2) 
Solvent content (%) 59.4 
Figures in parentheses refer to the outermost resolution shell, 1.70 - 1.65 A 
Table 6.1 - Data processing statistics for Asp92His/Met144Leu NiR 
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efficient and solvent content were calculated to be 3.09 A3 and 59.4% 
respectively. 
6.5 - Structure solution and refinement 
Since Asp92His/Met144Leu NiR has been crystallised in the same space group 
with almost identical unit cell dimensions to the NiR structures described in 
chapter 5, rigid body refinement as implemented in REFMAC5 (Murshudov et aI., 
1997) within the CCP4 interface was employed. Prior to using the Trp138His NiR 
model in the refinement, the model was loaded into the program '0' (Jones et aI., 
1991) (implemented on a Silicon Graphics Origin II machine) and residues 92, 
138 and 144 were truncated to alanine and all water molecules and hetero-atoms 
such as PEG and MES were removed. An initial round of rigid body refinement at 
2 A produced an R-factor of 28.3%. 5% of the reflections (2546) were then set 
aside for calculation of the cross-validation free R-factor (Brunger, 1992) and the 
model was subjected to positional and individual isotropic temperature factor 
refinement using data in the range of 69.0 to 2.0 A in conjunction with the 
program ARP/wARP (Lamzin, 1993) to identify potential solvent molecule peaks 
in the Fo-Fc difference density map. The addition of 50 water molecules to the 
model reduced the R-factor to 21.6% (free R-factor = 23.2%). Data from 69.0 to 
1 .65 A were then used in the refinement followed by the addition of a further 100 
water molecules. This reduced the R-factor to 20.7% (free R-factor = 22.2%) and 
the residues Trp138, Leu144 and His92 were built into clear electron density. 
Iterative cycles of model adjustment (including the addition of molecules such as 
MES, PEG, zinc ions and sulphate) and refinement coupled with water molecule 
addition followed to produce a model with an R-factor of 18.4% (free R-factor = 
20.5%). At this point the model was deemed to be as complete as possible and 
the final stage of refinement was to include the reflections omitted in calculating 
the free R-factor. The final R-factor of the model was 18.5% for all data. A 
summary of the refinement is presented in table 6.2. The model consisted of 
2601 protein atoms, 326 water molecules and the two Cu (T1 and T2) atoms. 
Two extrinsic zinc atoms and two sulphate molecules were also visible in the 
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Cycle R-factor R-Free No.solvent 
number (%) (%) molecules Comments 
1 28.3 - 0 Rigid body refinement, 2 A 
2 21.6 23.2 50 Extended resolution, 1.65 A 
3 21.7 23.0 100 
4 20.7 22.2 142 Added zinc ion 
5 20.1 21.7 192 
6 19.4 21.1 233 Added PEG and MES 
7 19.0 20.7 270 Added sulphate and zinc ion 
8 18.7 20.5 287 
9 18.6 20.5 304 Added sulphate 
10 18.5 20.5 335 
11 18.4 20.5 326 Removed 9 water molecules 
12 18.5 NA 326 R-free flags removed 
Table 6.2 - Refinement progress of Asp92HislMet144Leu 
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model along with a PEG and MES molecule. 
6.6 - Quality assessment 
The quality of the model was assessed using PROCHECK (Laskowski et aI., 
1993). The Ramachandran plot (Ramachandran et aI., 1963) (figure 6.2) shows 
90.5% of the residues to be in the 'most favoured' region, 9.1 % in the 
'additionally allowed' region and 0.4% in the 'generously allowed' region. The 
overall stereochemical G value was 0.00 falling into the 'better' category of 
PROCHECK in comparison with a database of well-refined structures. All other 
parameters measured by the program fell into the 'better' or 'inside' categories 
with no distorted geometry or bad contacts reported. The estimated standard 
uncertainty (ESU) (Cruickshank, 1996) as calculated in REFMAC5 was 0.085 A 
and the RMS deviations from ideal bond lengths and angles were 0.012 A and 
1.440 respectively. The small difference between the R-factor and free R-factor 
(2.0%) indicate that the structure has not been over-refined with respect to the 
data. The final model contains 2601 protein atoms, 326 water molecules, 2 Cu 
atoms and 2 Zn ions. A summary of the quality indicators for the structure is 
given in table 6.3. 
6.7 - Discussion of the crystal structure 
6.7.1 - General description 
Asp92His/Met144Leu NiR crystallises in space group H3 with one molecule in its 
asymmetric unit. The simultaneous mutation of Asp92 and Met144 has resulted 
in little change of the overall trimeric structure of the protein. Residue 1 and 336 
were very disordered and not observed in the electron density maps and so were 
assigned zero occupancy. A superposition of the C-a. atoms with the native 
protein (Ellis et aI., 2003) shows that it is similar with an overall RMS deviation of 
0.24 A. This may be compared to an e.s.u. value of 0.09 A. The largest changes 
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Figure 6.2 - The Ramachandran plot for Asp92His/Met144Leu has 90.5% of 
residues in the most favoured region, 9.1 % in the additionally allowed region and 
0.4% (a single residue, Gln24) in the generously allowed region. 
132 
Chapter 6 - The crystal structure of Asp92His/Met144Leu NiR 




B-factor ESU based on ML (A2) 
Number of protein atoms 
Number of solvent molecules 
Average B-factor: Wilson (A2) 
RMS deviations 
Bond distances (A) 




Residues in most favoured regions (0/0) 
Residues in additional allowed regions (0/0) 
Overall G-factor 
















Table 6.3 - Summary of model indicators 
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are generally confined to the flexible Nand C-termini, which like the structures 
solved in space group H3 (chapter 5) show evidence of disorder (figure 6.3). The 
most significant structural differences from the native protein occur at the 
immediate mutation sites and at His165, which is forced into a different rotamer 
by one of the extrinsic zinc ions from the mother liquor bound to the surface of 
the protein. This fully occupied zinc ion acts as an interstitial bridge between two 
monomers (from different NiR trimers) in the crystal lattice. In the first monomer, 
the metal is bound to His165NE2 at 1.9 A and Asp167002 at 2.0 A. The co-
ordination is completed by Asp1950E2 from an adjacent monomer at 2.2 A and a 
water molecule at 1.8 A. The second zinc atom is found at the N-termini where 
His8NE2 is ligated to the metal at a more distant 2.5 A and the carbonyl oxygen of 
Asp4 at 2.8 A. These atoms exhibit high B-factors (44.6 A2 and 47.4 A2 
respectively) due to the flexible nature of the N-termini and so the occupancy of 
the zinc atom has been estimated at 25% in relation to the surrounding B-factors. 
A full-occupancy PEG (tetra-ethylene glycol) molecule is located at the entry of 
the hydrophobic pocket (Ellis et aI., 2003), (chapter 5) and the oxygen atom from 
the ring of a MES molecule from the mother liquor is bonded to the backbone 
amide of His165 at 3.01 A. Surface sulphate molecules are found ligated to 
Lys49 and Asp48. 
6.7.2 - The T1Cu site 
The replacement of the axial Met to a Leu is evident in the 2Fo-Fc electron 
density map (figure 6.4). The change to this hydrophobic residue results in a 
trigonal Cu-geometry where the Cu is ligated to His139N1>1, His89NI>1 and 
Cys130SI' atoms at 2.09, 2.14 and 2.10 A respectively. The Leu144 adopts a 
conformation where the CI>1 atom is 2.98 A from the Cu compared to the 2.45 A 
for the axial Met144SI> in the native protein (Ellis et aI., 2003). A superposition 
with the native protein (figure 6.5) reveals that the principal changes are in the 
position of the axial ligand and the position of the Cu atom which is shifted by -
0.6 A. In the NiR mutation Met144Leu (unpublished results) the Cu geometry is 
essentially identical to this structure. 
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Figure 6.3 - Temperature factor plot of the Cn atoms. The Nand C-termini of the 
structure shows evidence of disorder, which appears to be more pronounced in 
structures solved in the space group 1-13. 
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His89 
Figure 6.4 - The 2Fo-Fc electron density map contoured at 1 cr clearly shows that 
the mutation from Met144 to Leu144 is present. 
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Figure 6.5 - Least squares superposition of the T1 Cu sites of native NiR (PDS 
accession code 1 OE1, (Ellis et aI., 2003)) coloured in blue, Asp92His/Met144Leu 
NiR coloured in red and Met144Leu NiR (unpublished results) coloured in green. 
The largest positional differences occur in the position of the axial ligand and Cu 
position while the single Met144Leu mutation in NiR is virtually identical to the 
Asp92His/Met144Leu structure. 
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A comparison of the Cu site with Met148Leu RC (Kanbi et aI., 2002), fungal 
laccase (Ducros et aI., 1998) and CP (Zaitseva et aI., 1996) (all of which have an 
axial Leu) shows marked differences (figure 6.6). The position of the Cu atoms 
and CysSY are all similar but the His276 ring in CP shows an -20 0 rotation 
compared to His85 in RC and His89 in NiR. The largest variation in all the 
structures occurs in the rotation of the Leu side chain. Comparing RC with fungal 
laccase shows that the position of the axial Leu is very similar whereas a 
comparison of RC with CP shows that the rotamer of Leu is completely different 
as reported previously (Kanbi et aI., 2002) although it was uncertain of this due to 
the modest resolution of the CP crystal structure, which is known to only 3.1 A 
resolution (Zaitseva et aI., 1996). The Leu in this NiR structure is somewhat in 
between although not that close to the CP rotamer. This observation suggests 
that the Leu geometry observed in CP may be genuine. The Cu-ligand bond 
lengths of these structures along with the corresponding bond distances of the 
native NiR protein are given in table 6.4. 
6.7.3 - The T2Cu site 
The introduction of a His residue in place of the usual Asp92 (figure 6.7) 
produces significant changes at the T2Cu site. The functionally important 
'Cys130-His129' bridge and His89-His94 'sensor loop' (Dodd et aI., 1998); (Ellis 
et aI., 2003) remain intact with no significant movement or perturbation aside 
from the introduction of His instead of Asp92. Surprisingly, the positions of the 2 
water molecules that hydrogen bond to Asp92 in the native protein, and have 
been demonstrated to be key in the enzyme mechanism, are evident in this 
mutant structure albeit with some change in position (figure 6.8). The water that 
bonds to the T2Cu (Wat503) shows a movement of - 0.7 A compared to the 
native protein and the water that usually binds to the Asp92002 (Wat600) shows 
a movement of - 0.6 A. Moreover, the lIe251CS1 atom has now moved in closer 
to the Cu site and is now 2.45 A from the T2Cu water molecule. His94 and 
HisB300 are essentially unchanged from the position in the native protein and 
His129 shows a slight movement. 
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Figure 6.6 - Least squares superposition of the T1 Cu sites of 
Asp92His/Met144Leu NiR (red), RC (blue), laccase (green) and CP (black). The 
relative positions of the Cu and Cys ligating atoms is largely unchanged although 
the differences in the two His rings and axial ligand (Leu) are clear. Individual 
residue numbering is given in table 6.4. 
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Native Asp92His/ Fungal 
protein Met144Leu RC CP laccase 
(1.04 A) NiR (1.B2 A) (3.1 A) (2.2 A) 
(1.65 A) 
T1 Cu-HisB9N01 2.02 2.14 - - -
T1 Cu HisB5No1 - - 2.0B - -
T1 Cu-His276N(j1 - - - 2.10 -
T1 Cu-His396NM - - - - 1.91 
T1 Cu-Cys130SY 2.20 2.10 - - -
T1 Cu-Cys13BSY - - 2.22 - -
T1 Cu-Cys319SY - - - 2.03 -
T1 Cu-Cys452SY - - - - 2.28 
T1 Cu-His 139N(j1 2.03 2.09 - -
T1 Cu-His143N01 - - 2.02 -
T1 Cu-His324N01 - - - 2.05 
T1 Cu-His457NM - - - - 1.B7 
T1 Cu-Met144So 2.45 - - - -
T1 Cu-Leu144C(j1 - 2.98 - - -
T1 Cu-Leu148Cli2 - - 3.12 - -
T1 Cu-Leu329C01 - - - 3.71 -
T1 Cu-Leu462Cli2 - - - - 3.49 
Table 6.4 - T1 Cu-ligand distances (in A) for native NiR (Ellis et aL, 2003), 
Asp92His/Met144Leu NiR, RC (Kanbi et aL, 2002) , CP (Zaitseva et aL, 1996) 
and fungallaccase (Ducros, et aL, 199B). 
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Figure 6.7 - 2Fo-Fc electron density map contoured at 1cr illustrating the point of 
mutation, His92 at the T2Cu site. The density of the T2Cu is also observed at 1 cr. 
The density of all the histidine rings is good although at higher contour levels the 
density of His92 is not as prominent as the other rings suggesting that this is 
more mobile than the others. 
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Figure 6.8 - Least squares superposition of the T2Cu site where the native is 
shown in blue and Asp92His/Met144Leu is shown in red. The most significant 
structural changes are the movement of the HisB249 ring and movement of the 
IIe251C81 atom towards the T2Cu-ligating water along with the movement of the 
waters themselves. 
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HisB249 shows a large change in its position relative to the native protein with a 
difference of 0.7 A in the NE2 positions. In the change from Asp92 to His, 
His92N£1 atom is hydrogen bonded to the carbonyl 0 of Leu100 at 2.76 A and 
the His92N01 atom is 2.42 A from the Cu atom and 2.37 A from the T2Cu ligating 
water. The close interaction (2.42 A) of His92N01 essentially makes the T2Cu site 
penta-coordinate. The B-factor of the T2Cu atom is 20.7 A2, which is comparable 
to the surrounding ligands. For comparison, the B-factor of the His92No1 is 29.9 
A2. This coupled with the observation that the electron density of the His92 ring is 
not as prominent as the other rings suggest that this residue is more mobile 
consistent with the disorder observed for Asp92 position in the native protein. 
The electron density was of sufficient quality to distinguish the position of the 
nitrogen atoms on the histidine ring. The T2Cu ligating distances in comparison 
with the native protein is shown in table 6.5. 
6.7.4 - The effect of the mutation on enzymatic activity 
The mutation of such crucial residues Met144 and Asp92 would be expected to 
produce a protein that has significantly different catalytic activity than the native. 
The axial Met144 has been mutated on its own to a Leu (unpublished results) 
which showed an increase in catalytic activity while the Asp92 residue has been 
proposed as being the source of delivery for the proton required to reduce nitrite. 
This has been the subject of point mutation also with Asp92Asn (Ellis et aI., 
2002) and Asp92Glu (Ellis et aI., 2003) and in these cases the catalytic activity 
was abolished providing strong evidence for the critical role of Asp92 in the 
enzyme mechanism. It is therefore somewhat surprising to find that the 
Asp92His/Met144Leu double mutation produces a protein that is catalytically 
active albeit severely reduced (see chapter 4). The enzymatic activity 
measurements estimated the specific activity at between 5-10% and can be 
rationalised by analysing the proton channels and substrate-binding ability 
(section 6.7.5). 
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Native NiR Asp92His/Met144Leu 
(1.04 A) (1.65 A) 
T2Cu-His94NE2 1.96 2.06 
T2Cu-His129N62 2.00 2.14 
T2Cu-HisB300N62 2.00 2.00 
T2Cu-Wat503 1.98 2.14 
T2-HisB249N02 3.74 4.14 
T2Cu-Asp92002 3.54 -
T2Cu-His92Ne2 - 2.42 
Table 6.5 - T2Cu-ligand distances (in A) for native NiR (Ellis et al., 2003), 
Asp92HislMet144Leu NiR. 
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It has been proposed that the delivery of protons to the T2Cu required for nitrite 
reduction are delivered via a primary water-network (Dodd et aI., 1998); (Ellis et 
aI., 2003). A secondary channel was also identified (Ellis et aI., 2001) as being 
another potential route for protons to reach the T2Cu. In both cases, Asp92 is 
integral to these routes. In the Asp92His/Met144Leu structure, the mutation of 
Asp92 to a bulkier His has caused a major perturbation in the network as shown 
by a superposition with the native protein in figure 6.9. The channels are similar 
with even the two waters normally associated with Asp92 (Wat503 and Wat600) 
being intact although with some movement. Both of the nitrogen atoms are in no 
position to efficiently hydrogen bond to any waters, which effectively curtails the 
route of protons to the T2Cu. 
In the putative, secondary water-network, a superposition with the native 
structure (figure 6.10) shows that again the relative positions of the atoms are 
similar although a new water molecule (WatA1238) is evident. This new water 
molecule has a B-factor of 40.3 A2 and can hydrogen bond with the T2Cu ligating 
water directly at a distance of 2.73 A. For comparison, the B-factor of the T2Cu 
ligating water is 35.4 A2. The new water molecule can also hydrogen bond to 
WatA 1151 at a distance of 2.77 A. The position of this water molecule relative to 
the native enzyme is largely unchanged which hydrogen bonds to the carbonyl of 
Ala130 which in turn hydrogen bonds to the side chains of Asn90 and Asn107 to 
form a route to the surface of the protein. The new bonding of WatA 1238 with the 
T2Cu ligating water means that a route now exists from the surface of the protein 
to the T2Cu through which protons can be supplied. 
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Figure 6.9 - Least squares superposition of the residues and water molecules 
involved in the 'primary' water network. The native protein is coloured in blue and 
Asp92His/Met144Leu is coloured in red. 
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503 c His9 
Figure 6.10 - Least squares superposition of the residues and water molecules 
involved in the 'secondary' water network. The native protein is coloured in blue 
and Asp92His/Met144Leu is coloured in red. The new, Wat hydrogen bonding to 
the T2Cu ligating water is clear. 
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6.7.5 - Modes of substrate binding at the T2Cu 
The activity of the Asp92HiS/Met144Leu mutant requires the substrate nitrite to 
bind at the T2Cu which is then poised to receive an electron from the T1 Cu in 
accordance with the proposed ordered mechanism (Strange et aI., 1999). The 
mutation of the axial Leu in NiR (unpublished results) has shown an increased 
catalytic activity and the overall structure and T1 Cu site of Asp92His/Met144Leu 
is very similar to Met144Leu NiR (see figure 6.5). In this structure the 'Cys-His' 
bridge is intact to exchange electrons to the T2Cu and the route of proton 
delivery as well as the molecular sensor for substrate binding is intact. The exact 
mode of substrate binding has been the subject of debate and currently only one 
crystal structure of substrate-bound AxNiR has been published at a limited 
resolution (Dodd et aI., 1997). In chapter 5 of this thesis, a partially substrate-
bound crystal structure has been determined for the His313Gln mutant. With the 
mutation site located far away from the T2Cu, it may be assumed that this mode 
of binding could be representative of the native protein. The local T2Cu geometry 
of the Asp92His/Met144Leu structure is compared with that of the 
His313Gln_N02" structure and the substrate-bound structure of native AxNiR 
(Dodd et aI., 1997), figure 6.11. 
In the His313Gln_NO£ structure, the lIe251Co1 atom is 3.42 A and 3.06 A from 
the 01 and N2 atom of the nitrite respectively. If a similar mode of binding were 
applied in this current structure these distances would decrease to 2.73 and 2.28 
A for the respective nitrite atoms. Moreover, in the His313Gln_N02" structure, 
Asp92002 is bonded to the 02 of nitrite at 2.71 A whereas now the His92NE2 to 
02 distance would only be 1.7 A. The movement of lIe251 co1 in addition to this 
probably results in a mode of binding in this structure that is unlikely due to steric 
clashes. Boulanger and Murphy (Boulanger & Murphy, 2003) have demonstrated 
that the equivalent lie in AfNiR is an important residue in determining the mode of 
substrate binding although it is predominantly the His92 that is providing the 
steric clash in this particular mode of binding. It should also be noted that T2Cu 
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Cu Hisl29 
Wat -
Figure 6.11 - Least squares superposition of the T2Cu site of His313Gln_N02-
(blue), Asp92His/Met144Leu (green) and AxNiR (1 NOS) (black). Residue His94 
has been omitted for clarity. 
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ligating water has moved in this current structure, which might contribute, to this 
binding effect on its removal from the site when nitrite binds. In the 1 NOS AxNiR 
structure the mode of binding is more mono-dentate and occupies a different 
position to that in the His313Gln_N02" structure. In this mode of binding the steric 
clashes are slightly reduced indicating that the nitrite that binds to the current 
structure may bind in a similar fashion to 1 NOS AxNiR. Unfortunately, the 
Asp92His/Met144Leu structure reveals that once again, PEG is blocking the 
hydrophobic pocket which means that a substrate bound structure will be difficult 
to achieve. In addition, the T2Cu is nearly penta-coordinate which is likely to 
decrease the binding affinity of nitrite. 
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Chapter 7 - The atomic resolution crystal structure of Hls143Met 
rusticyanin 
7.1 Introduction 
This chapter presents the 1.10 A crystal structure of His143Met rusticyanin, a 
protein that has recently been shown to be a possible ancestor to the multi-
copper proteins ceruloplasmin, ascorbate oxidase, nitrite reductase and fungal 
laccase (Kanbi et aL, 2002). The authors suggest that the copper site of 
rusticyanin is a better model than other cupredoxins for the T1 Cu centres found 
in multi-copper oxidases and nitrite reductases. The copper site of rusticyanin is 
very similar to that of other blue copper proteins; a distorted trigonal planar 
geometry with three strong ligands His85N°1, Cys138SY, His143No1 and a 
relatively weaker Met148So ligand in an axial position. 
Studies by Giudici-Orticoni and coworkers (Giudici-Orticoni et aL, 1999) have 
shown that rusticyanin forms a tight complex with cytochrome C4 and the authors 
propose that residue 143 is likely to be the key residue in complex formation. The 
solvent exposed histidine has been a subject of site-directed mutagenesis in 
other copper proteins such as azurin (Jeuken et aL, 2000) and nitrite reductase 
(Prudencio et aL, 2002). 
7.2 - Protein manipulation 
7.2.1 - Protein preparation 
The mutation of the His143 residue to a Met was introduced by Dr. J. F. Hall as 
described previously (Hall at aL, 1998), (Hall et aL, 1999). 
The purity of the protein was assessed using SOS and native PAGE on a 
pharmacia PhastGel system. Both SOS and native gels revealed a slight impurity 
so the protein was further purified using FPLC. A superosa-12 column was used 
and the protein eluted using 200 mM Sodium Chloride, 20 mM Sodium Acetate 
buffer, pH 4.0. Prior to any protein elution the column was first equilibrated with 
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degassed water and then buffer. To achieve the best resolution no more than 30 
mg mr1 of protein was loaded onto the column. The post-column protein fractions 
were isolated from the small impurity fraction illustrated on the elution profile of 
the FPLC purification run (figure 7.1a). An SOS-PAGE gel confirmed that the 
impurity was removed with a very clean, tight band visible at the expected size of 
around 16.5 kOa (figure 7.1 b). The remaining 2, 0.5 ml protein fractions were 
concentrated to approximately 10 mg mr1 using Centricon concentrators 
(Millipore) with a 10 kOa molecular weight cut-off whilst simultaneously being 
buffer-exchanged into 10 mM sulphuric acid, pH 4.0. Protein concentration was 
determined via uv/vis spectrometry. 
7.2.2 - Protein characterisation 
At a protein concentration of approximately 10 mg mr1 no colour was visible to 
the naked eye. A uv/vis scan in the range of 800 - 250 nm revealed that the 
protein only exhibited 280nm maxima and lacked both the characteristic 450nm 
and 600nm maxima of native, oxidised rusticyanin. To oxidise the protein, small 
1,.11 aliquots of the oxidant potassium iridium hexachloride (K2Ir(v)Cls) were added. 
Several dilutions of a 0.2M stock were used but despite addition of this oxidant 
there was no evidence to suggest that His143Met could be oxidised successfully. 
Upon adding increasing amounts of the oxidant uv/vis spectra were recorded 
which did not exhibit any of the rusticyanin signature maxima, i.e. bands in the 
450nm and 600m regions. Only the 280nm protein peak could be observed. To 
ensure that copper was present in the type I.site, small aliquots of copper (II) 
sulphate (CUS04) were added prior to oxidation but again there was no evidence 
of any rusticyanin signature maxima from the uv/vis spectra. Alternative oxidants 
such as hydrogen peroxide (H20 2) were tried without success. 
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Figure 7.1 a - The elution profile of the FPLC purification run. The large protein 
peak was eluted in 2, 0.5 ml fractions. The small peak represents the impurity 
that was isolated separately. 
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Figure 7.1 b - SDS-PAGE of a sample from each of the 2 isolated fractions 
shows the protein to be highly clean and homogenous. 
153 
Chapter 7 - The atomic resolution crystal structure of His 143Met rusticvanin 
7.2.3 - X-ray fluorescence 
To determine if copper was present in this mutant or if the lack of colour was due 
to the type I site being occupied by zinc, an X-ray fluorescence spectrum was 
recorded (figure 7.2) on the SRS station 9.2, Daresbury. Monochromatic X-rays 
of 12.5 keV were used for exciting the sample as this energy is above both the 
copper and zinc K-edge. Clean and strong Cu Kalpha (8.05 keV) and Cu Kbeta (8.90 
keV) fluorescence peaks were observed with a very small contribution from zinc 
being present at 8.7 keV (Kalpha» and 9.9 keV (Kt>eta). The level of zinc was similar 
to that usually observed for native, fully Cu-Ioaded rusticyanin. This clearly 
confirms that copper is present in the His143Met mutant and that the type I site is 
not occupied by zinc. This suggests that the lack of colour may arise from auto-
reduction of the sample resulting from a redox potential that may be higher than 
that of the native protein. 
7.2.4 - Crystallisation 
Ojebli et al., (Ojebli et aI., 1992) crystallised native rusticyanin from Thiobacillus 
ferrooxidans using Polyethylene glycol (PEG) 8000 as a precipitant and a 
reservoir comprised of 100mM sodium citrate with 200mM lithium chloride. 
Crystals were obtained using the hanging drop vapour diffusion method. Walter 
et al., (Walter et aI., 1996) and Harvey et al., (Harvey et aI., 1998) also used 
these conditions to grow native crystals. For His143Met, Linbro trays were set up 
using the hanging drop vapour diffusion method where wells contained 24 - 34% 
PEG 8000, 50 mM CitriC acid and 100 mM MES, pH 4.0. Each drop contained 2).11 
of protein, 2111 of reservoir solution and trays were incubated at 21°C. Within 1 
week thin, feather like clusters of crystals of His143Met were seen in the drops 
containing 30% PEG 8000. Subsequent trays were setup using 30% PEG 8000, 
50 mM citric acid, and 100 mM MES pH 4.0 in a single solution, which produced 
visibly superior crystals as opposed to mixing PEG 8000 into the reservoir. 
Crystals produced using this method were longer, thicker and needle like. Using 
PEG 12000 in place of the lower molecular weight PEG 8000 led to the 
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Figure 7.2 - X-ray fluorescence spectrum of the His143Met mutant. The spectrum 
of another rusticyanin mutant, Met148Leu is shown as a comparison. 80th 
contain copper in the type I site. 
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emergence of a different form where crystals grown in 30% PEG12000 were 
flatter and more plate-like. Furthermore, these plate-like crystals were grown over 
a longer incubation period of 2 weeks as opposed to 1 week. These crystals 
were grown by the hanging-drop vapour diffusion method at 25° C. 2J.1I of 10mg 
mr1 protein in 10 mM H2S04 buffer pH 3.8 was mixed with an equal volume of 
reservoir solution consisting of 30% PEG12000, 100 mM MES, 50 mM citric acid 
pH 4.0 and suspended over a 500 J.lI reservoir. The crystals were colourless. 
7.3 - X-ray data collection and processing 
7.3.1 - Data collection 
A single, colourless crystal (figure 7.3) was separated from the mass of crystals 
using a thin, brass needle and then flash-cooled to 100 K in a nitrogen cryo-
stream after being soaked for approximately 1 minute in cryo-protectant solution 
consisting of 75 % mother liquor with 25 % glycerol. Data were collected from a 
single crystal using a Mar CCD detector on station 9.5 at the SRS, Daresbury 
Laboratory. Three separate runs or sweeps were collected at a wavelength of 
0.85 A. Initially data were collected to a resolution of 1.4 A with a detector 
distance of 100mm, an oscillation angle of 10 and an exposure time of 40 
seconds. A low-resolution collection followed where the exposure time was 
reduced to 5 seconds, the detector to crystal distance was set to 300 mm and the 
oscillation angle increased to 3°. The high resolution (1.4 A) data collection 
suggested that the crystal diffracted to a much higher resolution and thus a very 
high resolution pass was made where the exposure time was increased to 120 
seconds, the distance set to 75 mm and the oscillation angle decreased to 0.5°. 
In hindsight, the original resolution pass was too conservative and ideally the 
very high resolution should have been the first pass in data collection. Diffraction 
spots were visible to approximately 1.04 A (figure 7.4). However, Ice formation 
close to the crystal meant that it had to be removed and reinserted into the x-ray 
beam several times during the data collection. 
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Figure 7.3 - An Image of crystals of His143Met rusticyanin. The arrow indicates 
which of the single crystals were used in data collection. 
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Figure 7.4 - High-resolution diffraction image of the His143Met crystal. The 
upper figure shows the whole image and the lower figure shows diffraction close 
to the limit of the edge of the detector. Diffraction was observed to - 1.05 A. The 
labels represent resolution shells of approximately 4 A, 2 A and 1 A resolution. 
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7.3.2 - Data reduction 
The crystal orientation was determined using the auto-indexing facility in DENZO 
(Otwinowski, 1993) in conjunction with the display program XDISPLA YF. Data 
were scaled and merged using SCALEPACK (Otwinowski, 1993). The unit cell 
was determined to be a = 32.3 A, b = 60.1 A, c = 37.2 A, ~ = 107.45 A in space 
group P2.1. A total of 824495 reflections were recorded with 54121 unique 
reflections. A high-resolution limit was set on the basis that the data were 89.4% 
complete in total with an outermost resolution shell completeness of 72.6 % (1 .12 
-1.10 A). The merging R-factor was 8.2% overall and 19.9% for the outermost 
shell. The data processing statistics are summarised in table 7.1 while a sample 
output from scaling and merging is shown in table 7.2. The overall B-factor was 
estimated to be 11.8 A2 via a Wilson plot (Wilson, 1949), figure 7.5. 
7.3.3 - Solvent content 
The contents of the asymmetric unit were determined via calculation of the 
Matthews co-efficient. 
Vm = Veell 
rvtIif, 
The molecular weight of rusticyanin was assumed to be 16.5 kDa. It was noted 
that the unit cell dimensions determined in 7.3.2 were very similar to those of 
native rusticyanin (Harvey et aI., 1998). By using one molecule in the asymmetric 
unit the Matthews co-efficient was calculated to be 2.19 A3. The solvent content 
can be calculated via 
Solvent content (%) = 100(1 - 1.23) 
Vm 
The solvent content was calculated to be 43.4%. 
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Resolution (A) 1.1 
No. of observed reflections 824495 
No. of unique reflections 54121 
MultipliCity 15.2 
R-merge (%) 8.1 (19.9) 
Completeness (%) 89.4 (72.6) 
1/0(1) 11.0 (2.9) 
Solvent content (%) 43.4 
Figures in parentheses refer to the outermost resolution shell, 1 .12 - 1 .10 A. 
Table 7.1 - Data processing statistics for His143Met rusticyanin 
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Shell I/Sigma in resolution shells: 
Lower Upper % of reflections with I I Sigma less than 
limit limit 0 1 2 3 5 10 20 >20 total 
50.00 2.99 0.0 0.1 0.3 0.4 1.0 4.5 60.4 38.8 99.2 
2.99 2.37 0.1 0.6 0.9 1.5 3.5 59.7 98.4 0.0 98.4 
2.37 2.07 0.0 0.1 0.9 2.5 11. 0 77.1 97.2 0.0 97.2 
2.07 1.88 0.4 1.4 3.2 5.2 20.6 86.7 94.3 0.0 94.3 
1. 88 1. 75 1.4 3.7 7.0 13 .2 40.2 88.1 88.1 0.0 88.1 
1. 75 1. 64 2.1 6.0 10.9 17 .2 34.8 82.9 84.5 0.0 84.5 
1. 64 1. 56 1.7 5.6 12.3 18.6 38.0 87.1 90.8 0.0 90.8 
1. 56 1.49 2.5 7.6 14.0 20.7 40.0 91. 0 97.1 0.0 97.1 
1.49 1.44 3.4 10.5 18.5 26.1 43.3 86.0 97.3 0.0 97.3 
1. 44 1. 39 4.6 13.7 24.1 32.4 47.7 85.8 97.3 0.0 97.3 
1. 39 1.34 4.4 13.4 22.7 29.6 44.2 82.5 87.8 0.0 87.8 
1.34 1. 30 4.6 14.7 24.6 33.3 46.7 77.1 88.4 0.0 88.4 
1. 30 1.27 5.5 16.1 27.9 36.6 50.5 78.7 87.8 0.0 87.8 
1.27 1.24 6.1 18.9 31.7 41.9 57.6 82.2 88.2 0.0 88.2 
1.24 1.21 7.5 20.3 32.9 41.8 56.3 80.8 87.5 0.0 87.5 
1.21 1.18 6.8 22.0 34.7 44.3 57.8 79.6 87.0 0.0 87.0 
1.18 1.16 7.4 21.4 34.9 45.2 57.9 74.0 83.8 0.0 83.9 
1.16 1.14 8.1 24.5 37.8 46.9 58.3 73.8 81.1 0.1 81. 2 
1.14 1.12 8.6 25.3 39.0 47.9 60.0 72.7 78.8 0.2 79.0 
1.12 1.10 8.0 25.6 38.1 46.1 55.4 66.4 71. 6 1.0 72.6 
All hkl 4.1 12.5 20.7 27.5 41.1 75.7 87.3 2.1 89.4 
Shell Lower Upper Average Average Norm. Linear Square 
limit Angstrom I error stat. Chi**2 R-fac R-fac 
50.00 2.99 24553.7 1355.9 138.7 0.926 0.055 0.064 
2.99 2.37 8077.3 842.1 80.3 0.997 0.084 0.094 
2.37 2.07 5445.4 652.3 76.9 1. 080 0.110 0.124 
2.07 1.88 3329.8 468.7 71.1 1.041 0.130 0.139 
1.88 1. 75 1874.9 332.2 65.9 0.985 0.157 0.161 
1. 75 1.64 1198.6 195.5 63.5 0.950 0.173 0.181 
1.64 1.56 845.7 135.6 48.9 1.012 0.201 0.206 
1.56 1.49 596.3 92.7 34.2 0.964 0.225 0.226 
1.49 1.44 429.2 67.0 33.3 0.971 0.251 0.244 
1.44 1.39 309.9 53.8 34.3 0.970 0.294 0.289 
1.39 1.34 249.6 45.7 28.2 0.979 0.141 0.157 
1.34 1.30 188.9 33.3 24.4 1.106 0.143 0.149 
1.30 1.27 154.0 30.0 23.0 1.089 0.153 0.165 
1.27 1.24 122.0 27.6 21.8 0.996 0.168 0.173 
1.24 1.21 108.0 24.8 20.2 0.983 0.169 0.176 
1.21 1.18 97.1 22.7 19.2 0.983 0.168 0.174 
1.18 1.16 80.7 19.9 18.2 1. 020 0.172 0.173 
1.16 1.14 66.9 18.6 17.4 1. 070 0.185 0.177 
1.14 1.12 53.3 17.0 16.3 1.019 0.199 0.198 
1.12 1.10 43.9 15.1 15.1 0.953 0.199 0.186 
All reflections 2640.7 240.6 44.2 0.991 0.081 0.071 
Table 7.2 - Sample SCALEPACK output of the final scaling and merging 
statistics 
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Figure 7.5 - A Wilson plot of His143Met rusticyanin in space group P2., for 
reflections in the range 35.5 -1.1 A, The best linear fit gives an overall B-factor of 
11.8 A2 as obtained from the TRUNCATE output. The plot was obtained using 
the program SFCHECK (CCP4, 1994). 
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7.4 - Structure solution 
The structure was solved using the molecular replacement method implemented 
in AMoRe (Navaza, 1994). The search model was the 2.1 A crystal structure of 
native rusticyanin (Harvey et aI., 1998) with all solvent molecules removed. The 
B-factor was set to 11.8 A2. 
7.4.1 - The rotation function 
All reflection data in the range 35.5 to 1.1 A were sorted for input into AMoRe. 
Reflections in the range 8 to 3 A were used to calculate the rotation function and 
the model structure factors were calculated in a cubic cell of edge dimensions 75 
A. The integration sphere radius was set to 20 A with Bessel functions in the 
orders of 6 to 126 were used. No sharpening was applied to the data and 
structure factors with amplitudes outSide the range of between 10 and 107 were 
cut. 
The rotation function yielded one significant peak at Eulerian angles of (l = 
194.85°, (3 = 57.890 , X = 160.00 with an associated correlation coefficient of 
40.3%. 
7.4.2 - The translation function 
The solution from the rotation function was used in the Crowther-Blow translation 
(Crowther & Blow, 1967) function using data in the range of 8 to 3 A. One clear 
solution was found with translational vectors Tx = 0.0208, Ty = 0.0000 and Tz = 
0.1071. The correlation coefficient and R-factor associated with this positioning 
were 74.2% and 31.3% respectively. With such high figures of merit and the 
similarity of the unit cell dimensions with respect to the native protein, this was 
strongly suggestive of only a single molecule in the asymmetric unit so further 
searches were not performed. 
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7.4.3 - Rigid body fitting 
The translation function solution was refined using the rigid-body fitting feature of 
AMoRe. Ten cycles of refinement were performed using data in the range of 8 to 
3 A. The correlation coefficient and R-factor were improved to 80.3% and 28.0% 
respectively. The final solution was at Euler angles a = 195.54°, ~ = 57.54°, X = 
159.42 and at translation vectors of Tx = 0.0171, Ty = 0.0000 and Tz = 0.1040. 
The model from the minimal box was rotated and translated to these positions 
using PDBSET (CCP4, 1994) and used for model building. Molecular 
replacement results are summarised in table 7.3. 
7.5 - Structure refinement and model building 
The structure was refined using the maximum-likelihood method with a bulk 
solvent correction as implemented in REFMAC5 (Murshudov et aI., 1997) and 
rebuilt interactively using '0' (Jones et aI., 1991). Both programs were 
implemented on a Silicon Graphics Origin II machine. 2 A 2Fo-Fc and Fo-Fc 
electron density maps were generated using CCP4. Prior to any refinement the 
model was inspected in '0' and residue His143 was truncated to an Ala. A test 
set of reflections comprising 3% (1450) were set aside for calculation of the 
cross-validation free R-factor (Brunger, 1992). The model was initially subjected 
to positional and individual isotropic temperature factor refinement using data in 
the range of 35.5 to 2.0 A. The data to restraints weighting was set to 0.1 and the 
program ARP/wARP (Lamzin, 1993) was used in conjunction with REFMAC5 to 
identify potential solvent molecule peaks in the Fo-Fc difference density map. 
Ten cycles of refinement were usually carried out in each refinement 'cycle'. No 
restraints were applied to the metal-ligand bond distances or angles so that any 
metal-ligand distances or angles were determined solely from the X-ray data. 
The inclusion of 42 solvent molecules to the model yielded an R-factor of 19.3% 
(free R-factor 24.0%). Solvent molecules were only added to the model when 
well-defined positive peaks were visible in both 2Fo-Fc and Fo-Fc electron 
density maps and when they could form hydrogen bond(s) with either protein or 
other water molecules. Solvent molecules that had unreasonably high B factors 
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Correlation 
Operation Euler angles Translation coefficient R-factor (%) 
(0) vectors (%) 
Rotation a. = 194.85 Tx = 0.0000 
function ~ = 57.89 Ty =0.0000 40.3 46.4 
X = 160.00 Tz = 0.0000 
Translation a. = 194.85 Tx = 0.0208 
function ~ = 57.89 Ty =0.0000 74.2 31.3 
X = 160.00 Tz = 0.1071 
Rigid body a. = 195.54 Tx = 0.0171 
fitting ~ = 57.54 Ty = 0.0000 80.3 28.0 
X = 159.42 Tz =0.1040 
Table 7.3 - Summary of molecular replacement results 
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and where electron density had deteriorated were removed from the model. The 
fit of the model to the electron density was then examined closely in '0' via a 
2Fo-Fc and Fo-Fc map contoured at 1a. Side chains that deviated significantly 
from the density were adjusted accordingly using the 'torsion' command in '0'. 
Angles and bond distances were then adjusted to 'normal' values using the 
'refLgen' command. At this stage, the difference density around residue 143 
suggested an amino acid side chain larger than Ala so a Met was built in at this 
pOSition. After rebuilding the model more data were added by increasing the 
resolution during refinement whilst simultaneously adding solvent molecules via 
ARP/wARP. Model stereochemistry was monitored using PROCHECK 
(Laskowski et aI., 1993) and WHATIF (Vriend, 1990) throughout the refinement 
so that after the inclusion of more data, the weighting of restraints could be 
adjusted accordingly. Using data to 1.5 A the model contained 174 solvent 
molecules and the R-factor was 16.2% (free R-factor = 18.6). The inclusion of the 
extra data meant that the alternate positions of disordered side-chains could now 
be observed and these were added where appropriate. Of particular note was the 
mutation and active site residue Met143 (previously His143). This side-chain 
showed evidence of a dual sulphur position and this extra position was added to 
the model. Extending the resolution to 1.3 A resulted in an R-factor of 15.1 % 
(free R-factor = 17.5%) and at this stage the model contained 251 solvent 
molecules. Further refinement and model building followed using data in the 
range of 35.5 to 1.1 A although ARP/wARP was not always run in conjunction 
with REFMACS. Following two further rounds of refinement the R-factor of the 
model was 16.2% (free R-factor = 18.1 %) and contained 265 solvent molecules. 
At this point anisotropic displacement parameters (ADP) were introduced. Five 
cycles of anisotropiC refinement resulted in a model with an R-factor of 14.S% 
(free R-factor = 17.0%). The first two residues of the N-terminus were seen to 
exist in multiple conformations and attempts to model at least one of these 
resulted in high (> 80 A2) main chain B- factors. The electron density was poorly 
defined in this area so residues 1 and 2 were omitted from the model. A small 
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number of side-chain atoms were not clear in the density and so were assigned 
an occupancy of zero. 
Further refinement of the model continued with the program SHELXL from the 
SHELX-97 suite of programs (Sheldrick, 1997) Stereochemical restraints were 
generated automatically using SHELXLPRO using the model and reflection file 
as the input and the model was subjected to several isotropic refinement runs 
prior to full anisotropic refinement. The inclusion of riding hydrogen positions 
along with full anisotropic refinement of the model yielded a slightly better R-
factor than REFMAC5 (R-factor = 14.2%, free R-factor = 17.0%). A 2Fo-Fc and 
Fo-Fc electron density map were generated using the map utility in SHELXPRO 
and the model examined thoroughly in '0'. At this stage only minimal model 
adjustment were required and a total of 20 solvent molecules were added on the 
basis of peaks suggested by one of the SHELXL output files. Five refinement 
cycles followed and 9 solvent molecules were removed from the model. The R-
factor fell slightly again to 14.0%. At this point the model was judged to be as 
complete as possible and the final stage of refinement was to include the data 
used in the cross-validation via the removal of the R-free flags. The final R-factor 
for the model was 12.6% for 37146 reflections with F>4a(F) and 14.0% for all 
reflections. The progress of the refinement is shown in table 7.4 and illustrated 
diagrammatically in figure 7.6. 'Cycle l' is defined as the first refinement of the 
molecular replacement model. 
7.6 - Quality assessment 
The quality of the model was evaluated using PROCHECK and additional 
parameters derived from the REFMAC5 and SHELXL output files. 90.9% of all 
residues were in the "most-favoured" regions of a Ramachandran plot 
(Ramachandran et aI., 1963), 9.1 % in "additionally allowed" regions and no 
residues fell into the "generously allowed" or "disallowed" areas, figure 7.7. The 
overall stereochemical G-factor was -0.09 and all other parameters fell into the 
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Resolution R-factor R-Free No.solvent 
(A) (%) (%) molecules Comments 
2.0 21.0 25.6 22 1 Sl refinement of MR model 
2.0 19.3 24.0 42 Added 20 solvent molecules 
1.7 18.4 22.4 61 Ext. resolution, major rebuild 
1.5 18.7 21 .5 88 Ext. resolution 
1.5 18.0 20.3 117 Added 29 solvent molecules 
1.5 17.1 19.1 144 
1.5 16.2 18.6 174 
1.3 15.9 18.3 192 Ext. resolution 
1.3 15.2 17.8 217 
1.3 15.1 17.5 251 
1.1 16.5 18.4 265 Ext. resolution, major rebuild 
1.1 16.2 18.1 265 Introduced ADP's 
1.1 14.5 17.0 285 Switched to SHELXL 
1.1 14.2 17.0 274 Minor model adjustment 
1.1 14.0 N/A 274 R-free flags removed 
Table 7.4 - Refinement of His143Met rusticyanin 
....-..- A-factor 
....-..- Free A-factor 
10 +-----.------,-----.-----.-----,------,-----~ 
o 2 4 6 8 10 12 14 16 
Cycle number 
Figure 7.6 - R-factors as a function of the cycle number. Note the close proximity 
of the R-factor and free R-factor throughout the refinement. Anisotropic 
refinement was introduced between cycles 12 and13. 
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"better" or "inside" categories. The estimated standard uncertainty (ESU) 
(Cruickshank, 1996) as implemented in REFMAC5 was 0.03 A, which may be 
taken as the data only positional uncertainty of an atom with a B-factor equal to 
that determined from the Wilson plot (11.S A2). The RMS deviations of bond 
lengths and angles were 0.013 A and 1.6Q respectively. A summary of the quality 
assessments and structure statistics are given in table 7.5. 
7.7 - Description of the crystal structure 
7.7.1 - Accuracy of the structure 
The refined 1.1 A structure of His143Met contains 1 molecule in its asymmetric 
unit in a similar manner to that of native rusticyanin and comprises 153 amino 
acids, 274 water molecules and 1 Cu atom. The first 2 residues of the N-
terminus were disordered and have been omitted from the model. The final 
crystallographic R factor was 14.0% and the free R factor was 17.0%. The small 
difference between the R-factor and free R-factor (3.0%) indicate that the 
structure has not been over-refined with respect to the data. The 2Fo-Fc electron 
density contoured at 2CJ was continuous over the main chain from residue 3 to 
the C-terminus increasing to a >3CJ coverage level for the core regions of the 
molecule. The C-terrninal oxygens were well defined with B-factors of 23 A2 and 
21 A2. Only the side chain N~ atoms of Lys25 and Lys36 were not clear in the 
electron density and so were assigned an occupancy of zero. 
The His143Met mutant retains the overall structural features of native rusticyanin 
(Walter et aI., 1996), (Botuyan et aI., 1996) and folds as a greek key p-sandwich 
core consisting of 2 p-sheets and the N-terminal extenSion, unique to rusticyanin, 
connected by several loops and coils. The high quality of the 2Fo-Fc map is 
illustrated in figure 7.S where individual atoms are clearly resolved. For native 
rusticyanin there are currently two structures at 1.9 A (Walter et aI., 1996) (POB 
1 RCY) and 2.1 A (Harvey et aI., 1995) (POB 1 ASZ) in the protein data bank, the 
latter being that of the reduced protein as is the case for the current atomic 
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Figure 7.7 - Ramachandran plot for His143Met rusticyanin 
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Table 7.5 - Summary of model quality indicators 
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resolution structure. The number of independent observations (unique 
reflections) at 1.1 A is some 50,000, five times as many as at 1.9 A. A comparison 
of the 1.1 A structure with the previous -2 A structures show an RMS deviation of 
0.27 A (Poe 1 RCY) and 0.24 A (Poe 1 A8Z) from the C-a positions. The RMS 
deviations of all main chain C-a positions with respect to poe 1 A8Z are shown in 
figure 7.9. Even though the overall RMS deviation is modest, significant 
differences exist between the current 1.1 A resolution structure and the - 2 A 
structures of rusticyanin. Larger differences appear in the loop regions of 46-49, 
114-119 and in particular the proline rich loop 94-106. This loop packs against 
the ~-turn and 310 helix which is responsible for providing the C-terminal cluster 
of Cu coordinating residues (Walter et aI., 1996). Side chain orientations of 
amino acids also show the most deviation in this area. The largest positional 
difference is at residue number 93 which is modelled now as a Gly instead of the 
Thr in the original 2.1 A model (pdb 1 RCY has a Gly in this position). The gene 
sequence of rusticyanin confirmed that residue 93 is indeed a Gly. A positional 
difference of 0.5 A is observed for residue 129, which is part of the 128-131 loop 
connecting ~-strarids 11 and 12. The mutation results in a pOSitional difference of 
0.4 A for neighboring residues Pr0141 and Gly142 which are located in a type-II 
~-turn. Of the 153 amino acids in the final model the side chains of 10 residues 
have been modelled in alternative conformations. Half of these are found within 
the 35 residue N-terminal extension. Lys8, Pr013, Lys16 and Glu20 form part of 
the helical region whilst Asp29 is located on a type II' tum just before ~-strand 3 
begins. Of the remaining side-chains with dual conformations, 4 of these are 
located in the "northern" most part of the molecule, including the mutated residue 
Met143, which is described below. Met99 has been modeled in 3 conformations 
and is found on the tip of the 94 (Pro) -106 (Val) loop. Likewise Val114 and 
Lys116 are located at the top of the short loop connecting ~-strands 10 and 11 
whilst Thr126 is part of ~-strand 11 at the "southern" part of the molecule. 
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Figure 7.8 - Example of the high quality of the 2Fo-Fc electron density map 
contoured at 2.50 for the region between the tyrosine loop motif and the Cu site. 
The tyrosine corner is common to many proteins with a Greek key ~-barrel fold 
(Hemmingsen et aI., 1994). The loop connects two strands from different (3-
sheets. The side-chain of Tyr134 forms a 2.6 A hydrogen bond to the backbone 
carbonyl of Thr130. The side chains of Trp127, Tyr135 and the Cu ligands His85 
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Residue number 
Figure 7.9 - RMS positional differences of His143Met C-a. atoms relative to those 
of native rusticyanin (POB 1 ASZ). The largest positional difference is that of 
residue 93 which is modelled as a Gly whereas this is a Thr in the native 
structure (POB's 1 ASZ). Pro 100 is located towards the tip of the flexible 94-106 
loop. 
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7.7.2 - Solvent distribution 
In the native structure of rusticyanin at 1.9 A (Poe 1 RCY) a total of 128 solvent 
molecules were modelled. The higher resolution of the current atomic resolution 
structure with similar unit cell dimensions has enabled a total of 274 solvent 
molecules to be modelled. In the atomic resolution structure there are 159 
solvent molecules in the first hydration shell compared with 89 in the 1.9 A 
structure (any solvent molecules that were bonded to protein non-carbon atoms 
were considered to be in the first hydration shell). These additional solvent 
molecules were observed in all areas of the protein including the Cu ligand-
containing 'northern' part of the protein and also the 'southern' part. Solvent 
molecule interactions with non-carbon protein atoms from the N-terminal 
extension are also now observed including partially occupied solvent molecules 
that are modelled in addition to disordered side-chains in this region. 
Furthermore, with regard to the Cu site, the side-chain of Gln139, which is 
adjacent to the Cu-ligand Cys138, is now seen to be bonded to a solvent 
molecule Wat2285 that is now observed to be involved with the outer Cu-sphere 
hydrogen-bonding network discussed later in this chapter. 
In the current atomic resolution structure and lower resolution structures of native 
rusticyanin there are two solvent molecules (Wat2002 and Wat2004) that are 
involved in hydrogen bonding, helping to stabilize the main-chain carbonyl atoms 
of Cys138 and lIe140 along with Ala144, Val9S and Ala99 (figure 7.10) The 
observation of these solvent molecules at lower resolution is consistent with them 
exhibiting amongst the lowest B-factors of all solvent molecules in the current 
atomic resolution structure. The hydrophobic prOline rich loop that forms a close 
interaction with the J3-tum and the 310 helix which provide the C-terminal cluster 
of Cu residues (Walter et al., 1996) is where residues Val9S and Ala99 are 
located. It would be tempting to suggest that this close interaction of the loop 
brings the backbone atoms of Val98 and Ala99 into a position that is ideal to form 
a tight hydrogen-bonding arrangement, ideal for holding solvent molecules. It is 
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possible that this is a structural arrangement that exists in order to prevent the 
hydrolysis of the Cu-ligand, Cys138. 
7.7.3 - The Cu site 
The high accuracy of the structure is reflected in the metrical data for the Cu site. 
The side chain of the mutated Met143 has been modelled in two conformations 
with one sulphur atom at 2.87 A from the Cu and one at 4.24 A. The temperature 
factor of the distant sulphur atom of Met143 is 11.93 A2 compared to 15.14 A2 for 
the Cu atom. The closer sulphur atom has a B-factor of 21.14 A2, almost double 
that of the distant sulphur, indicating that the atom in this position is more 
disordered. However, the occupancies of the two sulphur positions were refined 
using the free-variable option in SHELX97 and are similar. The occupancy of the 
more ordered sulphur is 0.51 compared to 0.49 for the closer, less ordered 
sulphur position. The high anisotropy of the closer sulphur pOSition is illustrated 
using 50% probability thermal ellipsoids (figure 7.11), as is the anisotropy of 
other atoms in the 'core' region which links the type 1 Cu and catalytic Cu 
centres of the multi-copper proteins (see figure 5 of (Kanbi et aI., 2002)). A half 
occupancy solvent molecule (not shown) has been modelled which interacts with 
the closer conformation of Met143. It refines with a B-factor of 24.6 A2 compared 
to 21.1 A2 for the corresponding sulphur of the methionine. Thus this water is in 
this position when the sulphur atom is nearer the Cu atom. This surface water is 
in turn weakly bonded (3.5 A) to a number of other solvent molecules. In the 
distant sulphur position (more ordered) the Cu site adopts a 3-coordinate trigonal 
geometry. B-factor refinement of the Cu atom suggests an occupancy of 0.75 in 
comparison to surrounding ligands. A superposition of the His143Met Cu site 
with that in the 2.1 A structure of rusticyanin (figure 7.12) shows close similarity 
except for a significant movement of His85 and the Cu position itself is shifted -
0.5 A towards the two sulphurs of Cys138 and Met148. The His85 NIi1 -CU-
His(Met S81)143 Nli1 angle shows a decrease from 1030 to 86 and 89° (the near 
and far sulphur positions respectively) relative to the native protein. In addition, 
the Met148 S5-Cu-CyS138 S1 angle is increased from 105° to 119°. 
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Figure 7.10 - The 2Fo-Fc electron density map contoured at 2.7a illustrating the 
hydrogen bonding of the most ordered solvent molecules in the structure which 
help in stabilising the backbone of the Cu-ligand Cys 138 and the hydrophobic 
Cu-interacting residue Ile140. The electron density for these two solvent 
molecules is still visible when contoured at 5a. 
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His 85 
~ ........ ""'" Gly 147 
Figure 7.11 - The 'cupredoxin core' illustrated using 50% probability thermal 
ellipsoids. As expected the core shows no significant areas of anisotropy 
whereas the highly anisotropic nature of the closer sulphur position and methyl 
groups of the Met143 side chain can clearly be seen. 
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Figure 7.12 - Least squares superposition of the His143Met Cu site (red) with 
native rusticyanin (blue) using the ligating atoms of His85, Cys138 and Met148. 
Superpositions were performed using INSIGHTII (Molecular Simulations) 
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7.7.4 - Accuracy at the Cu site and its Implications for native rusticyanin 
Cu K-edge EXAFS data of His143Met in solution at 100K were analysed with the 
1.1 A crystal structure coordinates by Dr. R. W. Strange using the 3D refinement 
method of EXAFS as described previously (Cheung et aI., 1998). This method of 
refinement in providing metrical accuracy of metal-ligand stereochemistry using 
crystallographic coordinates has recently been highlighted in the case of the 
copper nitrite reductase (Hasnain & Strange, 2003) and MoFe-nitrogenase 
protein (Strange et aI., 2003). The refinement using 1.6 A MoFe-nitrogenase 
crystal coordinates (Mayer et aI., 1999) provided excellent agreement between 
the crystallographic and EXAFS positions of the heavy (Fe and S) atoms from 
the cluster. However, owing to Fourier series termination ripple effects from the 
surrounding heavy metals in the electron density (Einsle et aI., 2002), the lighter 
homocitrate and histidine ligands were poorly determined in the crystal structure, 
a direct consequence of the limited resolution of the 1.6 A crystallographic data. 
The recent atomic resolution 1.16 A crystal structure of Nitrogenase MoFe-
protein (Einsle et al., 2002) shows an excellent agreement (Strange et aI., 2003) 
of the metrical information with the 3D EXAFS refinement further emphasizing 
the particular importance of the atomic resolution for the metal sites in 
metalloproteins. 
A simulation of His 143Met rusticyanin EXAFS is shown in figure 7.13 and bond 
distances and angles are given in table 7.6. A close agreement between the 3D 
EXAFS results and the 1.1 A crystallographic structure is clearly evident. The 
Cys138S'Y-Cu and Met143S6-Cu distances are within 0.01 A of their values in the 
1.1 A structure where the Met143S6-Cu distance of the more distant sulphur 
atom is identical at 4.24 A. Both sulphur positions of the mutated Met143 side 
chain were accounted for during 3D-EXAFS refinement. The His85N&-Cu 
distance is slightly longer at 1 .94 A compared to 1 .89 A in the crystal structure 
whereas the Met148S6-Cu distance is shorter by 0.04 A at 2.46 A compared to 
the crystallographic value of 2.50 A. 
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Figure 7.13 - Simulation (dashed line) of the (upper figure) K3-weighted Cu K 
edge EXAFS data using 1.1 A crystal coordinates and (lower figure) the 
corresponding fourier transforms. 
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Table 7.6 also includes the metrical data for native rusticyanin at 2.1 A and 1.9 A 
along with the EXAFS results (Grossmann et aI., 1995). In this case the authors 
did not use the 3D EXAFS refinement but the metrical accuracy of the bond 
distances are expected to be the same as the authors did include the multiple 
scattering in the data analysis. The Cys138S-Cu and Met143S-Cu distances 
reported in both the 2.1 A and 1.9 A structures are, in particular, significantly 
larger than those observed in the EXAFS data of the native protein as well as to 
those determined by EXAFS and from the 1.1 A crystallographic structure for 
His143Met. Walter et al (Walter et aI., 1996) had noted the exceptional length of 
the Cys138S'Y-Cu among cupredoxins (2.26 A vs mean bond length of 2.16±O.06 
A among the family). They had also highlighted the His85N01 -Cu-Cys138S'Y angle 
being significantly different (128° compared to 134°). This angle was even 
smaller (125°) in the 2.1 A structure (Harvey et al., 1998). In view of the close 
agreement of the atomic resolution structures and EXAFS of a number of 
systems, we suggest that the current metrical information of the metal site for the 
native rusticyanin is of limited accuracy and should be treated with caution. The 
1.1 A structure presented here clearly shows that both the His85N01 -Cu-
Cys138S'Y angle (133°) and Cys138SY-Cu distance (2.14 A) are typical to those 
known for other cupredoxins and thus these features in themselves can not 
account for the exceptional redox properties of this protein. 
7.7.5 - The outer-Cu sphere hydrogen-bonding network 
Several buried polar groups in native rusticyanin (Ser86, Gln139, Asp88, Gly11 0 
and Thr109) are stabilised by an extensive hydrogen-bonding network extending 
outside the inner Cu coordination sphere. We have examined this network 
closely in view of the increased accuracy of the 1.1 A structure. The side chain 
oxygen of SerB6 in the structure forms two hydrogen bonds, one at 2.92 A to the 
backbone nitrogen of Gln139, while the second hydrogen bond links to Asp88002 
at 2.74 A. Asp88002 also hydrogen bonds to Gln139Ne2 at a distance of 3.08 A. 
Furthermore, a solvent molecule Wat 2285 hydrogen bonds with both Asp88002 
and with Gln139Ne2 at 3.19 A and 2.58 A respectively. 
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Distances (A) Native Native Rc Native Rc Hisl43Met 3D EXAFS 
Rc 2.1 A. 1.9..\ EXAFS 1.1 A. Hisl43Met 
Cu-His85 ~I 2.14 2.04 2.09 1.89 1.94 
Cu-Hisl43 ~I (Met 143 Sill) 2.06 1.89 1.89 2.87,4.24 2.88.4.24 
Cu-Cysl38 S1 2.26 2.26 2.16 2.14 2.15 
Cu-Metl48 Sl) 2.90 2.88 2.63 2.50 2.46 
Bond angles e) 
His85 ~1-Cu-CysI38 S1 125 128 - 133 133 
His85 ~1-Cu-Metl48 Sl) 90 85 - 96 96 
His85 ~1-Cu-His(Met SI)I)143 ~I 103 105 - 86. 89 86.89 
His(Met SI)I)143 ~I-CU- Cys138 SY 122 119 - 122. 121 122.121 
His(Met SI)I)143 ~I-CU- Metl48 SII 105 106 - 90.86 90.86 
Met148 SI)-Cu-Cys138 S1 105 106 - 119 119 
Table 7.6 - Comparison of His143Met Cu-centre parameters with native 
rusticyanin (Rc) at 2.1 A, POB accession code 1 A8Z (Harvey et aI., 1998), 1.9 A 
(Walter et aI., 1996) POB accession code 1 RCV and native reduced rusticyanin 
EXAFS (Grossmann et al., 1995). Bond distances and angles from 3D EXAFS 
refinement using the 1.1 A crystal structure coordinates are included. 
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The structure is further stabilised by the backbone nitrogen of Thr109 hydrogen 
bonding to Asp88001 at 3.06 A. The backbone nitrogen of Ser86 is able to 
participate in weak bonding with the Cys138 S'Yas shown by its distance of 3.53 A 
from Cu. 
The replacement of the His143 ligand with a Met has a relatively small effect on 
the collection of hydrophobic residues that are in the vicinity of the usual His143 
residue and the Cu site. The outward flipping of the Met143 sulphur away from 
the Cu atom produces small changes in the positions of the Phe51 , Pr052, 
Phe111 and lIe140 side chains. The lIe140C'Y position is essentially the same and 
maintains its close position to the Cu atom. Compared to the native (POe 1A8Z) 
protein these changes are only minor. The largest change occurs in the Phe83 
position where the ring is rotated by - 20° in the direction of the Cu atom and has 
also moved closer to the Cu by some 0.8 A relative to the Phe83Cz positions. 
7.7.6 - Analysis of anisotropic displacement parameters (ADP) 
Anisotropy is defined as the ratio of the minimum and maximum Eigen values of 
the 3x3 matrix of anisotropic displacement parameters (see chapter 3). This is 
the square of the axial ratio of an ellipsoid representing the atom. For a perfectly 
isotropic (spherical) atom the ratio is 1.0. As this value decreases towards zero, 
the ratio describes a non-spherical thermal ellipsoid whose shape resembles a 
'Cigar' or 'pancake'. The online resource "PARVATI" (Merritt, 1999a) has been 
used to analyse the anisotropy of the His143Met 1.1 A structure. These 
anisotropic values were produced following refinement with SHELXL using a 
default SIMU restraint of 0.1. The scale of anisotropy is defined such that 1.0 is 
isotropic and 0.0 is highly anisotropic. The mean anisotropy value was calculated 
to be 0.48 for protein atoms and 0.50 for solvent atoms. This mean protein value 
is close to the average for a protein structure at atomic resolution (Merritt, 
1999b). The Cu atom has an anisotropy of 0.42. 
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7.7.6.1 - The N-terminal extension: functional implications from the atomic 
resolution structure 
Unique to rusticyanin is a 35 residue N-terminal extension that contains 3 
additional ~-strands and was thought to be responsible for its acid stability 
(Walter et al., 1996). It has recently been shown (Grossmann et aI., 2002) that 
the removal of this 35-residue extension produces a rusticyanin mutant that is 
still soluble in acid media but that the deletion makes the protein insoluble in 
aqueous media above pH 5.0 and that at acidic pH the protein oligomerises in 
the absence of the extension. The deletion of the extension also resulted in the 
loss of Cu. In view of these results, the primary role of the N-terminal extension 
was concluded to be one of a shielding of the hydrophobic core (Grossmann et 
al.,2002). 
In light of the current 1.1 A crystal structure, this region has been re-examined. 
As described earlier, half of the residues (Lys8, Pr013, Lys16, Glu20 and Asp29), 
which exhibit multiple conformations, are in this extension. In addition to the 
hydrophobic interaction of the Trp7 indole ~-bulge (with Gly110, Phe11 and 
Pr0113) the Ne1 atom is also linked to the backbone carbonyl of Phe111 via 2 
solvent molecules. The 0 01 atom of Asp4 directly hydrogen bonds to the Oy1 
atom of Thr123. The dual conformations of the Lys8 side chain provide a link to 
Asp124 (~-strand 11) and Val74 (~-strand 8) via solvent molecules. 
Taken in isolation, the 35 residue extension yields a mean anisotropy value of 
0.44, slightly lower than that of the overall protein. Atoms with the largest 
anisotropy are primarily from the N-terminal extension. However, closer 
inspection of the 35-residue extension reveals that there is one particular area 
that differs significantly in anisotropy from the rest. The mean value of the main 
and side chain atoms of Trp7 is 0.60 while the residues adjacent to this either 
side (Thr6 and Lys8) exhibit a lower value of anisotropy of around 0.45. This is 
illustrated using 50% probability thermal ellipSOids (figure 7.14), which 
demonstrates the ordered nature of the side chain of Trp7 when compared to 
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other residues next to this. Trp7 exhibits the lowest anisotropy (0.60) of all 
residues in the 35-residue extension. The 1.3 A crystal structure of amicyanin 
(Cunane et aI., 1996) revealed that the ~-bulge common to cupredoxins showed 
evidence of disorder with the possibility of more than one conformation. The first 
~-strand of amicyanin is interrupted by this bulge whereas in rusticyanin it 
precedes ~-strand 1 where the indole ring of Trp7 inserts into the bulge formed 
by residues 109-112. In the structure presented here, this region is well defined 
with no evidence of any main or side chain disorder. Rusticyanin is the only 
cupredoxin to utilise the bulge as a means to connect ~-sheets 1 and 2 (Walter et 
aI., 1996). The lowest anisotropy exhibited by Trp7 in the N-terminal helical 
extension is consistent with its key role in maintaining the connection between 
these ~-sheets. A point mutation or deletion of Trp7 should have a significant 
impact on the acid stability of the protein and/or Cu. 
With the exception of a number of surface residues and small loop regions, the 
molecule showed no significant signs of anisotropy, thus confirming the stability 
of the cupredoxin core. This is reflected in the mean Beq value of the main chain 
atoms (figure 7.15a). Secondary structure elements were identified using the 
Kabsch and Sander algorithm (Kabsch & Sander, 1983) implemented in the 
program INSIGHT II (Molecular Simulations, 2000). With the exception of the C-
terminal Lys 155, which is part of ~-strand 13, all of the residues contained within 
~-strands show the lowest Beq values of all residues. It is noted that the 
temperature factors for the whole molecule fall in the small range of 11-26 A2 
where the N (Leu3) and C-terminus (Lys155) residues show the highest main 
chain B-factors of 26 A2 and 20 A2 respectively. Figure 7.15b shows these 
secondary structure elements as a function of anisotropy where a variation in 
individual residues is observed. 
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Figure 7.14 - The ~-bulge interaction illustrated using 50% probability thermal 
ellipsoids. The residue Trp7 exhibits the lowest anisotropy of all the N-terminal 
extension residues indicating its anchoring role between the two ~-sheets. The 
thermal ellipsoids of the side chains of Thr5, Thr6, Lys8 and Glu9 have been 
added for comparison, illustrating the difference in anisotropy. Only one of the 
Lys8 side chains has been shown for clarity. 
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Figure 7.15 - (A) Mean 8 value of main chain atoms coloured according to their 
secondary structure elements. ~-strands are shown in green, the helical section 
in blue and loops and coils are depicted in red. (8) Mean anisotropy plots for 
main-chain atoms also colour-coded to represent secondary structure elements. 
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Of the reported amino acids with large anisotropy Gin 139 is highlighted with a 
mean anisotropic value of 0.38. As discussed previously, the side chain atoms of 
Gln139 are involved in the outer Cu-sphere hydrogen bonding arrangement. A 
hydrogen bond (3.08 A) is formed between Gln139NE2 and Asp88002• This is in 
agreement with the 1.82 A crystal structure of Met148Leu (Kanbi et aI., 2002) 
and the native 1.9 A structure where this bond is at 3.12 A and 3.19 A, 
respectively. In the crystal structure of Ser86Asp (Kanbi et aI., 2002) the 
hydrogen bonding was perturbed with the substitution of the Asp and was 
accommodated to some extent with the movement of the Gln139 side chain. It is 
possible that the relative flexibility of this side chain may be an important factor in 
stabilising the hydrogen-bonding network. 
7.8 - Concluding remarks 
The determination of the crystal structure of the His143Met rusticyanin mutant to 
1.1 A resolution has provided an exceptional basis to try and elucidate the 
structure-function relationships of rusticyanin. The high-resolution nature of the 
structure together with the determination of ADP's has been used to identify the 
anisotropic nature of residues together with multiple amino-acid conformations 
and additional solvent molecules in an attempt to examine their impact on the 
functional aspect of this unique protein. Of particular note is Trp7, a residue that 
exhibits the lowest anisotropy compared to the other residues throughout the 
extension, which suggests that this residue may play an important role in the 
interaction of the 2 ~-sheets via the ~-bulge. Its impact on acid stability of the 
protein and/or Cu needs to be examined by point mutation and deletion since 
rusticyanin is the only cupredoxin that utilises the bulge as a means to connect ~­
sheets 1 and 2. The metrical accuracy of this atomic resolution structure has 
revealed that contrary to the -2 A structures of this cupredoxin, His85-Cu-
Cys138 angle (133°) and Cys138S-Cu distance (2.14 A) are typical to those 
known for other cupredoxins and as such these features in themselves are not 
responsible for the unusual redox properties of this cupredoxin. 
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Chapter 8 - The 2.3 A crystal structure of His143Met rusticyanin: Insights 
into intramolecular electron transfer pathways 
8.1 - Introduction 
His143Met rusticyanin has also been crystallised with two molecules in its 
crystallographic asymmetric unit. This arrangement has previously been reported 
for other rusticyanin structures, Met148Gln (Hough et aI., 2001), and Met148Leu 
(Kanbi et aI., 2002), in which a head to head packing arrangement involving a 
water-mediated hydrogen bonding network, formed at the interface has been 
observed. This is the first time where the same cupredoxin has been crystallized 
in both a 'one-molecule' (see chapter 7) and 'two-molecule' head to head crystal 
form in the asymmetric unit. This crystal packing (figure 8.1) provides an 
opportunity to investigate possible intramolecular electron transfer pathways in 
rusticyanin. 
8.2 - Crystallisation 
Prior to crystallisation the protein was purified as described in chapter 7. Crystals 
were grown by the hanging-drop vapour diffusion method at 21 0 C. 2J.11 of 10mg 
mr1 protein in 10 mM H2S04 buffer pH 3.8 was mixed with an equal volume of 
reservoir solution consisting of 30% PEG8000, 100 mM MES, 50 mM citric acid 
pH 4.0 and suspended over a 500 ,.11 reservoir. The crystals grew within 1 week 
and were needle-like in morphology (figure 8.2). 
8.3 - X-ray data collection and processing 
8.3.1 - Data collection 
A single crystal was flash cooled to 100K in a nitrogen cryo-stream. Initially no 
cryo-protectant was used, resulting in ice-rings in the diffraction pattern (figure 
8.3). Due to this observation subsequent crystal candidates were first screened 
to identify a suitable cryo-protectant. Screening proved to be successful and a 
suitable cryo-protectant was then used in the data collection described in chapter 
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Figure 8.1 - Unit cell packing diagram of His143Met RC illustrating the head to 
head interaction of molecule A (red) with molecule B (blue). All molecules with 
any atoms within the unit cell are included. For clarity, only the Ca atoms of both 
molecules are shown. 
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Figure 8.2 - Crystals of His143Met grown using 30% PEG 8000, 50 mM citric 
acid, 100 mM pH 4.0. 
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7. Nevertheless, data were collected on station 9.5 at the SRS, Daresbury 
Laboratory using a Mar CCD detector to a resolution of 1.9 A using a wavelength 
of 0.85 A. 100mm distance, an oscillation angle of 2° and an exposure time of 40 
seconds. 
8.3.2 - Data reduction 
The crystal orientation was determined using the auto-indexing facility in DENZO 
(Otwinowski, 1993) in conjunction with the display program XDISPLAYF. The unit 
cell was determined to be a = 40.6 A. b = 60.9 A, c = 55.4 A, ~ = 96.4 A in space 
group P21. Here it was noted that the unit cell volume of 155 506 A3 was 
approximately double that of the native rusticyanin (Harvey et aI., 1998) cell 
volume (74878 A3) (native rusticyanin was crystallised in space group P21 also, 
along with the atomiC resolution crystal structure of this mutant described in 
chapter 7). Diffraction spots were visible to approximately 1.9 A and data were 
scaled and merged using SCALEPACK (Otwinowski, 1993). Originally the 
structure was refined using all data up to 1.9 A but this resulted in a problematic 
refinement that produced unsatisfactory results. The decision was made to 
reprocess and scale the data to 2.3 A only Uust prior to the first ice-ring). The 
remainder of this chapter details the structure determination at 2.3 A using 
precisely the same refinement and model building protocol and is described 
below. At 2.3 A the data were 99.9% complete with an outermost resolution shell 
(2.40 - 2.30 A) completeness of 100%. The merging R-factor was 5.0% and 
12.9% in the outermost shell. Data processing statistics are summarised in table 
8.1. 
8.3.3 - Solvent content 
The contents of the asymmetric unit were determined via calculation of the 
Matthews co-effiCient using CCP4 (CCP4, 1994). 
Vm = Vee" 
--rvr:.J, 
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Figure 8.3 - Diffraction image of His143Met rusticyanin. The ice rings are shown 
by arrows resulting from the lack of a cryo-protectant used during data collection. 
The diffraction limit was approximately 1.9 A. 
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Resolution (A) 2.3 
No. of observed reflections 83410 
No. of unique reflections 13463 
Multiplicity 6.2 
R-merge (%) 5.0 (12.9) 
Completeness (%) 99.9 (100) 
1/0(1) 24.7 (11.0) 
Solvent content (%) 47.3 
Figures in parentheses refer to the outermost resolution shell, 2.40 - 2.30 A 
Table 8.1 - Data processing statistics for His143Met rusticyanin 
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By using two molecules in the asymmetric unit based upon the aforementioned 
unit cell volume observation the calculation produced a sensible Matthews co-
efficient of 2.34 A3. The molecular weight of rusticyanin was assumed to be 16.5 
kDa. The solvent content was calculated to 47.3%. 
8.4 - Structure solution 
The structure was solved using the molecular replacement method implemented 
in AMoRe (Navaza, 1994). The search model was the 2.1 A crystal structure of 
native rusticyanin (Harvey et aI., 1998), from which all solvent molecules were 
removed. The B-factor was set to 25.4 A2 as obtained from a Wilson plot (Wilson, 
1949). 
8.4.1 - The rotation function 
All reflection data in the range of 55 - 2.3 A were sorted for input into AMoRe. 
Reflections in the range 8 to 3 A were used to calculate the rotation function and 
the model structure factors were calculated in a cubic cell of edge dimensions 75 
A. The integration sphere radius was set to 25 A with Bessel functions in the 
orders of 6 to 126 being used. No sharpening was applied to the data and 
structure factors with amplitudes outside the range of 10 and 107 were cut. 
The rotation function yielded a total of 8 solutions with two that offered a superior 
correlation coefficient to the rest. These two solutions had Euler angles of a = 
61.07°, ~ = 28.38°, X = 242.80 and a = 298.39°, ~ = 54.62°, X = 174.76 and had 
correlation coefficients of 24.2% and 23.5% respectively. The remaining six 
solutions had coefficients in the 11-12% range so those above were selected for 
input into the translation function. 
8.4.2. - The translation function 
One of the top two solutions was used in the Crowther-Blow translation function 
using data in the range of 8 to 3 A. The resulting solution had translation vectors 
of Tx = 0.0000, Ty = 0.0000 and Tz = 0.2625 and the correlation coefficient and 
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R-factor associated with this positioning were 36.4% and 49.5% respectively. 
This solution was then fixed and the other top solution from the rotation function 
was input for another translation function run. Now the number of molecules was 
set to two for the search of a second molecule in the asymmetric unit. Following 
the fixing of the first solution the resulting translation vectors of the second 
solution were Tx = 0.4025, Ty = 0.4899 and Tz = 0.2486. The correlation 
coefficient and R-factor associated with this solution in conjunction with the 
previous solution fixed produced were 66.3% and 37.1 % respectively. 
8.4.3 - Rigid body fitting 
The two solutions from the translation function were then refined using the rigid-
body fitting feature of AMoRe. Ten cycles of refinement were performed using 
data in the range of 8 to 3 A and the correlation coefficient and R-factor were 
improved to 77.2% and 32.2% respectively. The final solutions were at Euler 
angles (l = 297.95°, ~ = 55.12°, X = 174.79, translation vectors of Tx = 0.4016, Ty 
= 0.4899 and Tz = 0.2486 and Euler angles ex. = 60.70°, ~ = 27.91°, X = 242.42 
and translation vectors of Tx = 0.0007, Ty = 0.0000 and Tz = 0.2619. The model 
from the minimal box was rotated and translated to these positions using 
PDBSET (CCP4, 1994) and used for model building. Molecular replacement 
results are summarised in table 8.2. 
8.S - Structure refinement and model building 
The structure was refined using the maximum-likelihood method with a bulk 
solvent correction as implemented in REFMAC5 (Murshudov et aI., 1997) and 
rebuilt interactively using '0' (Jones et aI., 1991). Both programs were 
implemented on a Silicon Graphics Origin II machine. A 2.5 A 2Fo-Fc and Fo-Fc 
electron density map were generated using CCP4. Prior to any refinement the 
model was briefly inspected in '0' and residue His143 was truncated to an Ala in 
both molecules. A test set of reflections comprising 9% (1209) were set aside for 
calculation of the cross-validation free R-factor (Brunger, 1992). The model was 
initially subjected to poSitional and individual isotropic temperature factor 
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Correlation 
Operation Euler angles Translation coefficient R·factor (%) 
(0) vectors (%) 
a = 61.07 Tx =0.0000 
~ =28.38 Ty =0.0000 24.2 
Rotation X = 242.80 Tz=O.OOOO 
function 
a= 298.39 Tx=O.OOOO 
~ = 54.62 Ty = 0.0000 23.5 
X = 174.76 Tz = 0.0000 
a = 61.07 Tx =0.0000 
~ =28.38 Ty=O.OOOO 36.4 49.5 
X= 242.80 Tz = 0.2625 
Translation 
function a= 298.39 Tx =0.4025 
~ = 54.62 Ty=0.4899 66.3 37.1 
X = 174.76 Tz=0.2486 
a=60.70 Tx = 0.0171 
~ = 27.91 Ty=O.OOOO 
X = 242.42 Tz =0.1040 
Rigid body 
fitting a = 297.95 Tx =0.0007 77.2 32.2 
~ = 55.12 Ty=O.OOOO 
X= 174.79 Tz = 0.2619 
Table 8.2 - Summary of molecular replacement results 
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refinement using data in the range of 55 to 2.5 A using a weight matrix of 0.05 
(this value was chosen so that the initial model refinement bond distance RMS 
deviation was around 0.015 A). The R-factor following this initial refinement run 
was 26.5% (free R-factor 29.3%). All the data in the range of 55 - 2.3 A were 
then used in the next cycle of refinement using a bulk solvent correction. The 
weighting of restraints was adjusted slightly to account for the inclusion of the 
extra data by changing the weight matrix (from 0.05 to 0.1) and monitoring the 
bond distance RMS deviation and stereochemistry of the model using 
PROCHECK (Laskowski et aI., 1993). The model from this refinement was used 
to calculate 2Fo-Fc and Fo-Fc maps and the latter were used in conjunction with 
the CCP4 program WATPEAK to identify peaks in the maps that represent 
possible solvent molecules. Initially the cutoff level for selecting peaks in the Fo-
Fc difference map was set to 40 and peaks were rejected by the program if 
closer than 2.2 A or further than 3.5 A from a protein oxygen or nitrogen atom. 
Throughout the refinement solvent molecules were examined carefully and were 
removed from the model if their refined B-factor was greater than 60 A2 or they 
were not visible in a 2Fo-Fc electron density map contoured at 10. The 
coordinates of 51 possible solvent molecules were added to the model and then 
refined. This reduced the R-factor to 25.7% (free R-factor = 29.0%). A round of 
model adjustment followed where side chains that deviated significantly from the 
density were adjusted accordingly using the 'torsion' command in '0'. Angles and 
bond distances were then adjusted to 'normal' values using the 'refLgen' 
command. At this stage, a Met side chain was built into clear electron density in 
place of Ala143 in both molecules. The addition of a further 29 solvent molecules 
reduced the R-factor to 23.1% (free R-factor = 27.6%). At this stage the first 
residue of the N-terminus in each molecule was set to zero occupancy but 
residue two was modelled in both molecules. Other atoms that were assigned 
zero occupancy in the model were all from disordered side-chain atoms. 
Following minor model adjustment and the removal of several solvent molecules, 
which were judged to be unjustified by the density, the R-factor fell to 21.7% (free 
R-factor = 26.2%). A final cycle of refinement that included the data from the test 
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Cycle number Resolution (A) R-factor (%) R-Free (%) NO.solvent 
molecules 
1 2.5 26.5 29.3 0 
2 2.3 25.7 29.0 22 
3 2.3 23.1 27.6 51 
4 2.3 22.7 27.4 80 
5 2.3 21.8 26.4 85 
6 2.3 21.7 26.2 79 
7 2.3 21.8 N/A 79 
Table 8.3 - Progress of refinement of His143Met rusticyanin 
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set via the removal of the R-free flags yielded an R-factor of 21.8%. The progress 
of refinement is summarised in table 8.3. 
8.6 - Quality assessment 
The stereochemical quality of the model was evaluated using PROCHECK. 
88.4% of all residues were in the "most-favoured" regions of a Ramachandran 
plot (Ramachandran et aI., 1963), 11.6% in "additionally allowed" regions and no 
residues fell into the "generously allowed" or "disallowed" areas, figure 8.4. The 
overall stereochemical G-factor was -0.02 and all other parameters fell into the 
"better" or "inside" categories. The estimated standard uncertainty (ESU) 
(Cruickshank, 1996) as implemented in REFMAC5 was 0.39 A, which may be 
taken as the data only positional uncertainty of an atom with a B-factor equal to 
that determined from the Wilson plot (25.4 A2). This is in contrast with the atomic 
resolution structure (chapter 7) where the ESU was 0.03 A, further emphasizing 
the accuracy of the atomic resolution structure. The RMS deviations of bond 
lengths and angles were 0.014 and 1.62 respectively. A summary of the quality 
assessments and structure statistics are given in table 8.4. 
8.7 - Description of the crystal structure 
8.7.1 - The overall structure 
The overall structure of His143Met rusticyanin has been described in detail in 
chapter 7. The structure described in this chapter differs in that it has two 
molecules in the asymmetric unit in contrast to the native model where a Single 
molecule was present. The two molecules are orientated in a 'head to head' 
fashion with the 'northern' part of each molecule containing the Cu-coordinating 
ligands being the head (figure 8.5). The model shows a RMS deviation from the 
main chain en atoms of the atomic resolution structure of 0.24 A for chain A and 
0.26 A for chain B with Similar differences to the 1.1 A. Superimposing chain A 
and B results in an RMS deviation of just 0.07 A. Here, residue 2 was modelled 
in both chains with main-chain B-factors < 50 A 2 after refinement. The 2Fo-Fc 
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Figure 8.4 - Ramachandran plot of His143Met rusticyanin 
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Table 8.4 - Summary of model quality indicators 
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Figure 8.5 - Illustration of the head to head orientation of molecules A and B in 
the 2.3 A structure of His143Met rusticyanin. The Cu atoms are labeled in and 
are 16.6 A apart from each other. The residues at the interface are also labelled. 
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electron density, contoured at 1 (J was continuous over the main chain from 
residue 2 to the C-terminus with a slight deterioration in the 114-119-loop region. 
The temperature factor of Ca atoms of molecules A and B as a function of 
residue number is shown in figure 8.6. The two molecules are very similar with 
no significant B-factor differences between equivalent Ca atoms in molecule A 
and B. The average main chain B-factor further illustrates this with a value of 
17.0 A2 for molecule A versus 16.6 A2for molecule B. Likewise the average side 
chain B-factors are similar too, 17.8 A2 for Molecule A and 17.9 A2 for molecule B. 
8.7.2 - The Cu sites 
The Cu site remains similar to that observed in the atomic resolution structure 
with a 3-coordinate Cu geometry for molecules A and B. In both cases, the 
sulphur atom of the Met143 side chain resides in a non-ligating position at 
around 4 A from the Cu atom (figure 8.7). This is in agreement with the 1.1 A 
structure where of the two partial occupancy sulphur atoms modelled as part of 
the dual conformation Met143, the more distant sulphur atom is preferred. On the 
basis of the temperature factors of the ligating atoms, the Cu atom was aSSigned 
an occupancy of 50%. The structure presented here was determined before the 
1.1 A structure and at this point the data suggested only 50% occupancy. The 
significantly higher resolution and determination of atomic displacement 
parameters meant that the occupancy was more accurately determined to be 
75% in the atomic resolution structure. The bond lengths of the three Cu-
coordinating ligand atoms also show similarity with the 1.1 A structure. His85N61 
is coordinated to the Cu atom at 1.96 A, Cys138SY at 2.13 A and the Met148S6 at 
2.53 A in molecule A. The corresponding distances in molecule B are 1.80 A, 
2.17 A and 2.53 A respectively. The non-ligating Met143Sll atom is at a distance 
of 3.96 A (molecule A) and 4.04 A (molecule B). The difference of 0.16 A 
between the His85N61-Cu distances in the two molecules is unlikely to be 
significant at 2.3 A resolution. Moreover the Met143S6• Cu distance in both 
molecules is around 0.2 A shorter than in the 1.1 A structure and the distance 
suggested by 3D-EXAFS refinement (chapter 7, table 7.6). 
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Figure 8.6 - Temperature factor distribution for en atoms of molecules A and B 
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Figure 8.7 - The 2Fo-Fc electron density at the His143Met Cu site (molecule A) 
contoured at 10. The Met143 sulphur is around 4 A away from the Cu resulting in 
a 3-coordinate Cu-site geometry. 
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Given the anisotropic nature of Met143 and the data resolution, again this may 
not be significant. Cu-site parameters are summarised in table 8.5. 
8.7.3 - Comparison with other rustlcyanln structures 
The crystal structures of the Met148Gln (Hough at aI., 2001) and Met148Leu 
(Kanbi et aI., 2002) rusticyanin mutants have recently been solved and both 
exhibit a similar head to head interaction to the His 143Met structure. Aside from 
the mutation site, both the Met148Gln and Met148Leu rusticyanin structures 
showed little difference with respect to native rusticyanin although one of the 
molecules of Met148Gln revealed a unique structural rearrangement in one of 
the two molecules in the asymmetric unit. In molecule A of Met148Gln the 
lIe140C61 atom is 3.43 A away from the Cu as opposed to over 5 A away in 
molecule B and in the native protein. As a result the Gly84 carbonyl 0 is now 
able to orientate towards the Cu atom effectively forming a weak (3.93 A) 
interaction. Both cucumber basic protein and amicyanin have a comparable Cu-
o distance (3.8 A and 3.9 A respectively). Additionally, the azurins have a Cu 
ligating Gly450 atom in the range of 2.7 - 3.2 A (depending on the source of the 
protein), which led to the hypothesis that lIe140 may be important in preventing 
the Gly84 carbonyl 0 of rusticyanin from orientating towards the Cu (Walter et 
aI., 1996). 
A superposition of the Cu sites and associated 'outer Cu-sphere' residues of 
Met148Gln, Met148Leu and His143Met rusticyanin is shown in figure 8.8. Both 
molecules of Met148Leu and His143Met show no major rearrangements of the 
GIy84 carbonyl 0, all of which are in range of 5.9 A away from the Cu. Only 
molecule A of Met148Gln shows the lIe140 in a different rotamer and the ring of 
Phe111 also reorientates to accommodate the flip of the lIe140C61 atom. It is 
therefore possible that the association of rusticyanin with its redox partner may 
result in a transient structural change that facilitates electron transfer. It should 
be noted that the Met148Gln crystals were an intense blue COlour in contrast to 
the colourless crystals of Met148Leu and His143Met, which suggests that these 
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Distances (A) Hls143Met 2.3 A Hls143Met 2.3 A 
(A) (8) 
Cu-His85 N61 1.96 1.80 
Cu-His 143 NII1 (Met 143 SII) 3.96 4.04 
Cu-Cys 138 S1 2.13 2.17 
Cu-Met148 S6 2.53 2.58 
His85 Nl)1-Cu-Cys138 S1 135 137 
Bond angles (0) 
His85 N61 -Cu-Met148 SII 97 94 
His85 N61 _Cu-His{Met S&)143 NII1 89 90 
His(Met SII)143 N61 _CU_ Cys138 S1 114 116 
His(Met 511) 143 NII1-CU- Met148 56 84 82 
Met148 S6-Cu-Cys138 51 122 122 
Table 8.5 - Summary of the Cu-site parameters of His143Met rusticyanin 
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Figure 8.8 - Superposition of the Cu-site and outer Cu-site residues of 
Met148Gln (molecule A is coloured in red, molecule B in blue), Met148Leu 
(molecule A in green, molecule B in black and His143Met (molecule A in 
Magenta, molecule B in orange). The IIe140Co1 atom of Met148Gln molecule A 
flipping to allow the carbonyl 0 of Gly84 to make a closer interaction with the Cu 
can be clearly seen. The Cu ligand Met148 has been omitted for clarity. 
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were in a reduced state due to autoreduction, prior to X-ray exposure. The redox 
potential of Met14BGIn was reported to be lower than the native protein at 
550mV (Hall et aI., 1999) while the Met14BLeu redox potential was elevated to 
around BOOmV. The characterisation of His143Met (see chapter 7) suggests that 
the redox potential is also greatly elevated with respect to the native protein. 
8.7.4 - The molecular Interface region of HIs143Met 
The two molecules of His143Met pack in a head to head fashion with the Cu 
atoms 16.5 A apart. A similar packing arrangement has also been reported for 
azurins (Baker, 198B), (Nar et aI., 1991), (Dodd et aI., 1995a) in addition to the 
Met14BGIn and Met148Leu structures described above. In the structures 
Met148Gln and Met14BLeu, His143 and Pro141 from both molecules participate 
in hydrogen bonding through solvent molecules and this region has been 
suggested to be a possible docking site for a redox partner. In the structure 
described here, the mutation of His143 to Met has eliminated any hydrogen-
bonded interaction with the solvent molecules. A comparison of both molecules 
of His143Met with Met14BGIn and Met14BLeu shows an RMS deviation of 0.93 
A and 0.81 A respectively for Ca atoms. Positional differences are evident at the 
interface although there are no side-chains that exist in different rotamers. 
Residues Phe51, Phe83, Val98 , Pr0141 and their equivalents in the second 
molecule are still involved in non-bonded interactions at the interface (figure 8.5, 
table 8.6). Figure B.9 shows the hydrophobic distribution of these residues at the 
northern surface or 'head' of the molecule. Despite the loss of the solvent 
molecules at the interface, the two molecules still interact in the head to head 
fashion seen previously. The head to head interaction has been suggested to be 
important for the electron self exchange reaction and by inference has been 
considered as the likely binding site for the redox partner protein-protein 
interaction. We suggest that other cupredoxins where head to head packing has 
not yet been observed may exhibit such packing under different crystallization 
conditions. 
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Figure 8.9 - GRASP representation of Molecule A of His143Met rusticyanin. The 
figure is presented from a 'top-down' view looking at the 'northern part of the 
molecule. The molecular surface is coloured according to electrostatic potential (-
10 kITe red to +10 kITe blue). The distribution of hydrophobic residues at the 
head of the molecule can be clearly seen. 
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Atom (Molecule A) Atom (Molecule B) Distance (A) 
Pro141C~ Phe83Cll 3.79 
Va198Cy1 Phe83Cll 3.50 
Phe83Cll Va198Cy1 3.47 
Phe83Cll Pro141C~ 3.59 
Va198Cy1 Phe83Ce1 3.45 
Phe51ce1 Gly142Ca 3.80 
Gly142Ca Phe51Ce1 3.85 
Phe51C~ Va198C~ 3.63 
Pro52C6 Thr146C~ 3.93 
Met143S6 (His 143N£2) Met143S6 (His 143N£2) 8.90 (7.30) 
Table 8.6 - Non-bonded hydrophobic interactions at the interface region of 
His 143Met RC. Values in parenthesis refer to Met148Gln RC. 
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8.8 - Concluding remarks 
This 2.3 A structure of the His143Met RC mutant reveals that the two molecules 
pack in a head to head fashion thus providing further structural evidence to the 
hypothesis that this interaction region is important for complex formation and thus 
electron transfer from a partner protein. The interaction is similar to those present 
in Met148Leu and Met148Gln crystal structures although the replacement of His 
with Met disrupts the solvent mediated hydrogen bonding observed in those 
structures. Despite this disruption an interaction is still observed between 
molecules A and B of His 143Met which may suggest that the hydrophobic 
regions in rusticyanin could potentially play an important role in protein-protein 
recognition in addition to the suggested solvent meditated route. The structural 
change observed in one of the molecules of Met148Gln was not apparent in 
His143Met, which apart from minor differences remains structurally similar to 
Met148Leu and the native protein (Harvey et aI., 1998). It should be noted that 
unlike the oxidised Met148Gln structure, both Met148Leu and His143Met are in 
the reduced state. A comparison of these structures has highlighted a potential 
role of lIe140 in acting as a switch for the redox state of copper. 
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Final concluding remarks and future considerations 
The aim of the research presented in this thesis is to provide a better 
understanding of the structure/function relationships of the two copper proteins, 
Nitrite reductase and rusticyanin. In the case of both proteins, the techniques of 
molecular biology and structure determination have provided an insight into these 
relationships. The site-directed mutagenesis programme for NiR was successful 
and the contrasting enzymatic activity measurements of Trp138His NiR provided 
evidence for the route of electron transfer and the recognition with its 
physiological redox partner, azurin. Both spectroscopic and structural evidence 
for Trp138His NiR demonstrated that the two Cu centers are largely unchanged 
and both the proposed electron transfer and proton routes to the T2Cu centre are 
intact suggesting that His138 is a key residue in complex formation. The 
structure of His313Gln with the substrate bound demonstrate that the nitrite binds 
in an O-coordinate, bidentate manner that involves HisB249, a residue previously 
implicated in the role of substrate binding. It also provided evidence that His313 
is located very near to the port of substrate entry. In addition, the 
Asp92His/Met144Leu structure offered an insight into the ability of substrate 
binding despite a significant perturbation around the T2Cu site. The activity of 
this mutant was somewhat surprising but the identification of a potential solvent 
mediated proton pathway provides a structural explanation for this small but finite 
activity. 
The atomic resolution refinement of His143Met rusticyanin has provided an 
insight and understanding of the dynamic behaviour of this protein. In particular, 
anisotropic displacement parameters and the use of the 3D-EXAFS techniques 
have provided highly accurate metrical data which demonstrate that the Cu 
centre parameters cannot be wholly responsible for the unique properties of RC. 
The redox behaviour of the His143Met mutant in particular is something that has 
been difficult to assess with conventional redox potential measurement methods. 
The anisotropic nature of the substituted Met143 residue clearly shows that the 
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Cu ion can be 3-coordinate in nature, which lends support to the fact that 
His143Met is permanently in the reduced form due to auto-reduction. The lower 
resolution structure of His143Met RC confirms that the Cu-centre is 
predominantly in the 3-coordinate form. The mutation of the solvent exposed 
histidine in azurin (Jeuken et aI., 2000); (Jeuken, 2000); (Hammann et aI., 1997) 
and NiR (Prudencio et aI., 2002) resulted in major changes in redox behaviour. 
By extrapolation of the very large redox increase in azurin His117Gly to 670mV 
and NiR His139Ala (700-800mV) the redox potential of the RC His143Met mutant 
is estimated to be in excess of 900mV, well over 200mV more than the native 
protein. Thus it is not surprising that the attempts to oxidise the protein with the 
strong oxidant Iridium hexachloride (EO = +876 mV) did not succeed. The 
analogous His143Met mutation with both the aforementioned azurin and NiR can 
be attributed to a stabilisation of a 3-coordinate geometry. Despite the loss of a 
solvent network that is present in other rusticyanin mutations due to mutation, the 
His143Met protein still exhibits a head to head packing arrangement. This may 
suggest that the large distribution of hydrophobic residues in the vicinity of the 
Cu-site may represent a potential influence in the docking of a redox partner with 
rusticyanin. 
During the course of the work presented in this thesis the analysis of the specific 
point mutations of both NiR and RC has also shed light on other residues, which 
in turn opens the door for a future Site-directed mutagenesis programme. In the 
NiR Trp138His mutation, the changes in residues in the vicinity of Trp138 
suggest that these too may be good candidates for mutagenesis since these 
collectively form the 'docking patch'. A large shift in Tyr197 is particular intriguing 
since this is one residue highlighted in docking studies and this should also be a 
good candidate for mutagenesis. Similarly, the analysis of the substrate bound 
His313Gln NiR revealed that lIe251 appears to be an important residue in the 
mode of binding and this should be further explored. Substrate binding has been 
problematic in AxNiR since the crystallisation conditions require PEG, which 
prevents substrate from reaching the T2Cu site. However, the observation that a 
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Final concluding remarks and future considerations 
His313 mutation retains a full complement of metal and is essentially unchanged 
from the native protein means that future substrate binding experiments can be 
conducted without perturbation of the active site. 
With regard to RC, the anisotropic refinement of the His143Met mutant revealed 
an interesting trend of anisotropy in the protein, particularly in the N-terminal 
helical extension. The role of this has been the subject of debate although from 
the His143Met crystal structure it is anticipated that the first seven residues 
should a target for mutation or perhaps deletion. From this present work it is 
suggested that the outer Cu-sphere residues together with the bulky hydrophobic 
groups in the vicinity of the Cu site should also be a target for mutation so that 
both the redox behaviour and acid stability be further explored. The Pr095Lys 
and Pr0104Asn mutants have been sequenced and are subsequently ready for 
overproduction. Furthermore, this means that the cloning of a simUltaneous, 
double cis-proline mutant is now possible such that the impact of these on the 
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